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Artificial Intelligence research.
Next, (using the terms defined in the thesis), a context sensitiC generative grammar for producing

pitch progressions in the major node is introduced. It is seen that the grammar can he made context free by
switching between two intcrpretaticns of the input string. A mechanism for switching from one interpretation
to another when parsing sentences generated f'rom this grammar is described. It is shown that a model of
music compoSition, perception and improvisation fits within the fiainework of the grammar. This multiple
view model and switching Lnechanism can be interpreted as a primitive "frame".

'ne second section describes some of the problems and issues encountered while designing the initial
hardware for the Music Aided Cognition Project at M.I.T. All of the developed hardware permits computer
control, performance and recording of music in real time.

The first chapter in this section discusses a machine called tie Inexpensive Synthesizer/Recorder. It
capable of s.nthesiAng 14 square wave voices, each voice having a range of 7 octaves, with each octave having
12 bits of ficquency control. Its purpose is to allow the uscr to record key depression times, key release times
and key impact velocities when playing a keyboard piece. Its primary constraint was low cost, allowing many
copies to be made. Its microprocessor interface allows it to be easily controlled by many different means,
including hone compultes. The complete schematics for the synthesizer and the controller are provided as an
appendix.

The next chapter discus"es an oscillator which synthesizes sound using 32 sine or 8 FM wavcfonns.
The ma.chine can be easily expanded to produce 256 sine voices and 64 (or more) FM voices. All sine
waveforimns in both types of synthesis are weighted with two independent coefficients. Microprogrammable

fiware allows one to produce sound by a limited number of methods other than sine s||mmation or FM
synthesis.
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Abstract

'lhere arc two distinct sections it) this thesis.
T[he first section discusses music composition, shows why it is a useful domlainl for Artificial

Intelligence research and presents at set of' "I )esign Rules" that facilitate research in tilc field of tonal music
cofllposition.

It begins with at short, chapter presenting at subset of mutsic theory. Thlis chapter assumnes no prior
knowledge (if the subject, it completely defines all termis used in thle thesis, and is geared particularly toward
tho( se tnanmni iliar with music, ii u se un ~ill i g to lea rn standarid inuiisic ilo tat ion and those in terestcd in
Artifticial Intelligence research.

Next, (tising thle termis defined in the thesis), at context scnsitive generaitive grammnar for produicing
pitch prog ressions in thie major mnode is introiduced. It is seen that thle graninuar canl be made context free by
switching bet ween t woa ill terp reta tiins of thle in pu t st ring. A nch mu isnl l o r sw i tching fr( li ole iii ICrpretat ionl
to anmif her wheni parsing scmuieinces general ed hi mm t)his gia:inimar is descrmibed. It is show n t hat at mo del of
intusic co m positIin. percept io n iii d inmipirovisa ti on fits " itlhii the fiam ewt irk ohl thle grai i a r, Ibis multIiple

view mo del and switching ineella iisni call be interpreted as at pi iniitiye "framec".

[h'le second section describes some of tlie problems and issues encoummiemed whlile designing the initial
hardware for thie MNusic Aided Cognition Project at M.T1. All of the devloped hlardware perilits computer

control. performlanlce and recordinig ofimusic in real thie.
[hle first chapter inl this section discusses at machine called thle Inexpensive Symbmesier/Recorder. ft

capable of syntllesi/ing 14 squoare wave Voices, eachl Voice having at raiige or 7 octaves. with eachl octave Ilaxing
12 bits of l'requency control. Its purpose is ito allow the user to record key depressionl timles, key release times
and key impact velocities wheii playing at keyboard piece. Its primiary constrainlt was low cost, allowing nianly
copics to he mai~de. Its imiciroprocessor interface allows it to he easily cont rolled by niany different mecans,
incliuding homle conlipulel s. The complete scheliaics for tile synthesi/er andl(tie controller are provided as anl
appendix.

Thew next chapter (hiN:ka sscs aa is ii iliiir %hIiich Ny ut I esi is sa li h using 12 sin olCi- 8 IFMN wave folIills.
I lie inachiimle canl Il e.ismly expanded to produice 250 sine vioices and 64 for mole) IM voiXelC. All sane
W .a1efo rims ill ha ill m y pcs oii sy ll hsi% arc weigh ted with I w o inmdepenel mmc IC me thi en ts ILripnigrmnnal
fliimware allo w% onle 14o plo doce sounld bly a Iimmited iliici he iet mcthdN olther thiai sine Nmmniatfion or F'M
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1. chapter One: Introduction

1.1 Motivation for Artificial Intelligence Research in Music

This work's basic goal is to show that A.I. research can be furthered through the study of music.

Why should A.I. investigators care about studying nmusic? One reason lies in the area of knowledge

relprCseninioni research.

The problem of knowledge representation plays a ke) role in most A.I. questions. Those who have

studied the problems of knowledge representation generally focus their attention on one of several broad

area, of application. A prominent area of application is "'eal World" kno" ledge representation.

I lowe\er, the world is a big place full of di\crse things used in diverse ways. In developing a formal

system of representation for everything in it. one quickly runs into big problens. There are usually one of

three reactions to these problems. The first is to "patch" the systen. This means that the "\cll defined"

system is not as well defined as it was. The second is to say--- "Well, no system can respond to e\ ery problem.

but this one responds to most". These two reactions lead to a third approach, one of using multiple

representation systems, each viewing the world from ai different perspective. In all cases, the system developer

essentially admits that the problems are very difficult to get one's arms around and that the domain is too

complex for one system to handle.

Therefore, it has proved worthwhile to search for problem domains smaller than the real world in

which to do A.I. research. Many workers have done this by studying problems arising in a less complcx

subset of the real world. Indeed, the A.I. literature abounds with "Blocks World" problems. This is a valid

approach, but it is apparently quite hard to leave the "Blocks World" once you have entered it. That is, the

way one extends a developed system back to the "Real World" is not apparent. One reason for this is that

there is no real metric to determine what subsets of real world representation problems follow one another. If

real world representation problems were ordered historically, then A.I. would be easier, but we have had the

same way of viewing things for 1tany millennia. The recorded philosophy of our ,iews shows devclopment,

>1L
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but[ tie jews themselves have no available record of de% elopm-etit (that we can find).

I Ilowe% er there is simpler, but not trivial, p~roblem domaitin hav ing at relaui ely long rccorded history of'

de~ elopment. It is music composition.

Inl this field, the problcems are well ordered (historic~illy) in termis of dii ficully. well documnented, and

relatively complete. (Problems in mnusic composition are partially ordered in time, if o "ill). I' hereforc, in

doing A. I.- NIusic research, one can start at music compos;ition's prinfii\e beginnings and work forward lin

timie, de~ eloping theorics about how inusic s% as structured, how, it wats composed amid how it %ias perceived.

As naive theories arc proposed and discarded to make way for new er (and hopelli ly less iis ke) theories, one

should get at better and better idea of the correct way to model the problems iu\ ok ed (and( more importantly,

the w it ng " ay to mo tdel the pro blem s).

Fhis is the basic idea. One approach to it would be to iippl) some of the simpler A. I. paradigms at

the bCe-~innimt of [lhe rmsic compositionl 'time tile" aud increase the complex ity of' tie applied pAradignis

until the analysis-synthecsis problems for the studied works at that time were 'solved". One then would

increment "time" and repeat the procedure ats far tip die timle line as possible.

Note that this idea can be used building models which are "derivatkes' of niicroworlds. Instead of

constructing at series of microworlds, eachi representing im element of some time progression in mnusic history.

one constructs some absolute model initially, and specifies each miccessi\e model ats being the otld model, plus

a set of di fferences.

Althtogh thing,, such ats ''cultural factors'' would be an imiportant difficuilty here, this method could

potentially Yield quicLk returns to thie AL I. commti ity. Simple bugs existing lin standard paridigmin might tic

m oire quiic kl u mnetoive red anmd cla rified by using the ''simnpl er'' probl em space.

As thie avowed purpose of this project is to hielli solve "Real Wtorld" AlI. issues, semeal immiiediate,

.m md ail id, t hiect it ns to di is Clhioice ofIdoinaini canm be raised. ThI lir1st is ''Perhiap t5le paithI fiot ite 'B lock s

World' to die ' Reail Wo rld' is difficult, but the pith From tie 'Ni usic Wo rld' to inte ' Rem World ' is pirob'ably

[olli -Cx islen lt.'' I'llis nmy bc Itue, bu t it in isses pairt of lie li i If A.I. reCseatIC ch saMe aii le (to Ct MpiC(ltly



V o,'k otut itt, poblemis in ally domain. the insights gained froln the experience will help then in any other

domain that they care to attack. The area of music is simplc enough and well documcnted enough to allow

A.I. researchcrs to achieve considerable succcss in it relatively short period of time.

Conceivably, there is another benefit that can arise fifo01 thi,, choice of knowledge representation

domain. That is in A.I. system testing. One idea of an appropriate test for an integrated Knowledge

Representation anl Control system would be something like a' Turing test. [For example, in the systems -

proposed here. one would ask tile system to compose a piece of music in the style of some period, artist or

group. In a linguistic knowledge representation system, this would be roughly equivalent to asking the

compL ter to say something reasonably intelligent about a particular topic in the way that a giveni pen.on

%ould. This idea is admittedly a little naive, however such tests administered to music generation programs

show promise of being simple without being simplistic.

This idea has implications in the way a music system is built. Since any given person "enjoys" or

"interprets" music differently than any other given person, haing a machine that composes "good" music

can not be the goal here. Rather, the goal is to lroduce a machine that can produce music in the style of

certain composers. Therefore, a typical computer routine would be called "Bach Counterpoint" as opposed to

"Counterpoint".

This illustrates yet another benefit. Master composers developed methods of directing the interest

(and sometimes even the emotions) of their audiences simply by controlling the sounds that they heard.

Records of how they developed particular works before they were publicly performed is often available to

researchers. The results of such "autograph" studies were used to formulate many of the ideas reported here.

If tile idea of spontaneous generation of classical music by computer programs fails, it will still have

shown somithing if' it pn lduces a system by which Ilmyii all Io the musical wild a me able to generate pieces of

1mus1"1K Itcltivcly easily and these works are similar it) the works ol mslers. Still, t) slhow soimething, the

1mm0dcl of nIlsic Coumptisilion developed om1st he illtuilitvly or inliilt'ivCly IudeIsnLIdablc. It won't do t0

have the work of the layimman be limited to operations like -,electing prob,ihiliiy kernels Or note occurrence
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miatrices.

Ini summary, tlic problems encountered in usical ialaI sis, and synthesis arc identical to manly Of' .ic

imlportanlt prIoblemIs Cencountered by cognitive scientists in all fields. MIusic di Ileis from most suich fields ii)

that thle material studied has at well recorded history oif dcoelopmcnt. I ntu iti~ ely. this recorded histor) sccmns

to order tile Irrciblemns that at rescarche r can attack. IThis intuit ion alione pi ividcs strong mi ot ivat ion for

rcsearch in thce field if tile prop1er tools are avaiLablc. Ini this thesis. I prjo% idc soine of'the necessary tools.

1.2 How to [tire the Right People into D~oing Music Research

Finticing, A. I. researchers into the study of' muisic is difficult. Mo st of' thle peCople tha1t should be

working on the p blcinis in this field "know nt thi ng abou t muitsic" and m i' t e~ en co nsider stutdying it.

I he reib ic, one goal of this wo rk is to p rov ide ~ tols which m ak e the st tidN of m nusic intre attractive and

tactable ito thcm. T he queLion ( i is then, w hat tools should be i wide iava ilable.

A simuilair problem has been %orked on recently by Mead and Cotiwaf Ill.

Mead and Conway are interested in) the design of' verY large scaile iittegrated (VI SI) circuits.

I raditionlilly. work in this field required at knowledge of semiconductor devices. whiclh requi red a knowledge

tilsotlid state physics, which ill torim required at kniowledge of calcuilus aind classical physics.

Mead and Conway %irtually eliminated thie ned flmr all of' this backgrouind knowledge by

coimipressi ng it int ti sim pIc two page set of design rules. Ili add it iton, they fitci Ii tated thie actal chiip design

prtoess by initrodlucinlg it simiple language that completely specifies Al tile parammietei% needed by the

Ctompanies whot f1,1b ricate t(lie V I S I dev ice. I earning these ruil1es anmd m isinig v\ Iriot is interfaces ito tliis language

allowed specialists inl tile fields of algorithms. digital logic, ttipological complexity and systemis architecture to

directly Part icipa te inl so lvinug VTI5 relatted p it thlems (ats well as , mt iblet s inl their towni field). I ii shot, by

rcViiittsing the stilling dettil. Mei.d and Conway induced I lttt tfiCvlmtlahlc talent to par-ticipiate inl thle field.

Somne mlay say that tlme decsign li tles are lit ita "coumpression" if thie in fo rmmtion miceded tto design

c hips, htitl rather a grotss tmermllfitatitmn of' keyv design conmcepts. Iblis mmmil he title. butt it is not hindered

"'yhil
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peopI)I iInoranlit of' de~ icC ph ysc SICS 1(11 advar liing (lie stat CCof' tile alii ill tile '% S I 6i.14f. I h is reslt is

imiporCtant and it is w% h iCr aipprn iach shlt d be transt'erred it) tI e A. I. -MiC s icl.

I'll is thesis canl hC ic" ed as at p log iess I ep4 W oil I Ile ite mpt to dI I p1 icate thle pedaigogic. ii approach

(, Idt its ct nseq ii ences) of Niead and ConwayV. T he CI nic ionl of ' thle haIrdware sect i nl is to desce ~ pro g ress oil

tlC I 111 c p rojct C qu11II lit of' Mead and Con way's layoi hO LCa glnage.

Ill mi iusic Cteo r) sctiColn attmpt toI paale (COd .iIImeCad and (oi laO, design I-tile Ideai h specik ing

SeW I". if scts I' CA I I pos I 1ol rt4 iles for (lie %a riol Is (Cx nClI Ie let mite11 (d mu1 sical examile 1s.

lite basic iiiodel oIilitisic" Central Co) Clis " ork is shlom i tile thCigmIC laIbeled "A Miodel of Niuisic".

I h is figu re is a blocWk d igraIin ill Lisi rating til CC a nsfhIn iai tins betwee CCf ouir d iferICnt repre~senttCion o115 IiSc.

I' leright1 hand side 411 the dijagraml is Coner ned wit som)50 e aspects ol'ill usic s~ ntChCsis and CtiCe ICefC hanid side

'i]li a ICndCy wvii h Iii isiC alsi si. III an1 ideal sysCtem Iwe wol d exCtract or add par, i IiCC F stich ats

"Pei'Orac Prl11 CCIactice" and "Souniid Ob)jcts" ats we C n nslr (ii tCli music froIlm one rep lesen taCloll Ilnto

anot her. 1 ISer in ICracuo %%11 o 111d 41CC Lr t114 igh ediCol Isilt ealch level.

I hie deli neat ion1 t o 1f, music shownI if) tile figureI is cCIntCral both Co Clie haridwr 1Ic (ICelopnhen C inl (his

piojt C and Co Ilis Wvi k's ideas albout CmIuilc comI 1positCion1, rep)iCsC I) atio)1 anid co gnition.

I' lis 41 agrantl Cx pIic ill y inld icates all inteetCC ill bot I ii tsic analyi sis an d synthesis. IC would certain~ly

be easier to simlply in~dicate an1 interest ini analysis. Those interested ill ha% lug tlie coniptiler comp1ose msiic

are st rongly opposed by imany dlifferent Ctactions for a variety of reasonis. I lowevcr, attemipting Co do both

anlIysis aiid synthesis restill C he dIiscolvery of prolems (and tile solutions to) problems) ill Ililusic anialysis

thai woulI d not I arise its qily Ivmi to 11astuLd y oi1 siC analysis alone.

As ain aside, tlie idc,is represen~ted ill tliC diaigrami aire AIidIIlyh if product of tile tim~es. 'lib co~ncept

41* u sinig pit ced tiles it) 111,11) 411111 from on1 )e ICrersentatin mto a Ill1111r X\uln' have111 1 1 c4 cied if com111puteCr

sc:iencI ICI.Id Ii'C pimided til e pa ri JIMll. Thle (ClIUII 010 IeiI~iic y ) 1 4 CltitC Ct1111111it iy to uise mdlin mI1Il iechaniismis

thit ale cIII reitIy ta"sllit)llble" is anilloyili. VisC examnilies o1f* 'fad" moitdelling lilchaiiuisnis are fluid

III cli c. 111 models of, he 111111III' II ine s system~ and1( mrodels oIII)ighle cvel thou ght procsses based o(l simple
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control loops. Now, modeling thought using computer science concepts is in fashion. Unfotunately, this F"

paper can only follow suiL

To test the theories and results produced at any level in the diagram, support at the other levels must

be provided. This support must lie in both the software and hardware domains. 'lThe majority of the initial

hardware support should occur at the Performance Schedle and Acoustical Signal levels. One approach to

the hardware support configuration would be to associate a system bus with each of these levels.

The figure labeled "The Music Project Iltis Scheme" shows one such bus scheme. [he "Notated

Score" and "Score Kernel" section of the "Music Model" figure is embodied in Lisp programs in a List

Processor, the "Perfilnance Schedule" is centered around die Micro-bus and Nu-bus, the "Acoustical

Signal" appears on the S-bus. The appropriate place to start work on this )r any similar system is with the

Inexpensive Synthesizer-Recorder and/or the Digital Signal Processor. 'The hardware section of this thesis

discusses these two aspects of the system.

1.3 I lardware Goals and Constraints

The most stringent constraint placed on all our music producing systems is that they produce music

in real time. There are several reasons for having real time (as opposed to non-real time) music synthesis.

One is that real time synthesis will allow users to compose music in an interactive environment. [his means

that they can compose more quickly and with less frustration than non-real time systems allow. Another

reason is that the size difTerence between the dala representations at the Perfonnance Schedule and the

Acoustical Signal levels is large. If the "Synthesis" link joining them is fast, not as much data storage on the

Acoustical Signal level will he required as would be otherwise.

Since each of our Computer Music producing systems will be centered ahotut a computer system of

.omc sort, it is important to have an idea of the current relationship between hardware, software and price in

electronic sound synthesis. One way to do this is to older dte curreitly available sound synthesis features by

desirability.

- --
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One possible list is shown below.

hasic square %a% e monophonic scale generation in any desired octave
polYlphonly

envelope shaping
wa% e shipi ng
multiphle tonalities
frequency modulation and other non-linear techniques

In producing .n1 O(f he above list's features in the Inexpensive Synthesizer or the I )igital Signal

IProce,sor. it is desirable to let the relatikely cheap processing power of r ;roprocessors take the brunt of the

signal processing load. This means that the final instrument will be software as opposed to hard%4are

inltenlsive.

Slow processing speed is the biggest problem encountered in using "code" to generae the e above

features with current microprocessor instruction cycle times. This is where a suitable compromisC between

the price, software and hardware aspects of the design is important. It ieans that microprocessors nust be

used more for control than pure synthesis purposes.

The inexpensive systems only possess the first few items on this list since their primary purpose is to

act as cheap scratchpad devices. Also, the final inexpensive synthesizer is relatively applications independent,

that is. little interfacing is required to attach the machine to either a computer or any other control deoice

(such as a keyboard). [his was an important constraint in the final insirument.

1.4 A Microprocessor Applications Learning Example

The circuitry developed and built for this project over the past 9 months has made heavy use of

microprocessors. Microprocessors limited the scope of the project in many ways. One signal processing

algorithm that shows how badly microprocessors can perform is shown below.

I ligh Iesmmlhtion I)igilal to Analog converters are an expensike piece of equipment. Perhaps they can

be doane away with entirely by using a inmicropmcessor inplementation of ia analog mod ulationi tech liquc

called Pulse-+I )lrtlioln M\otltuliol (ll )M). 'Ih ,damullt.1ge of using l'I)M For encoding is that one can recover
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tile original signal by simply feeding thle encoding through it low pass filter. 'I his method % ould Celmmiiioate the

need fi, a I)AC and it track onl the tail end of at I igitiil Synthcsi/er.

Pt M is certainly a viable encoding mechanism in die analog domiain. It Y.orks hy cncoding die

analog signal's instantaneous amplitude in die puils( width of each sami pulse. One Agorithin for tails

method of encoding is shown inl the figure labeled "Pulse D uratio n Mo dulaion". I lere, at sic Kith is added

ito die sample %,tile and (he resuilt is compared to a threshold %attic. It' thle remult is ahos e thle threshold. [bc

ser ial output sends at " I". if he %ALue is below tile threshol1d, tile serial outpu1t sends. a '0".

Replacing dhe I AC using at simple miCropro-cessor dlgOrithiuu based ou1t thle ietiic SeeMS r-easonble.

[Ihe algorithm first inputs thle sAlue to he conserted. Ncxt, it output% a "I" and imitialmves acompparisoin

counter (which can be assumted to he thie length of the \aluec to he cons ited) to all -0-ts. It mnci elneits the

couter uniitil it inatchles, thle in put ulute and then di ips the uu tpt to "0"'. -i naill it \ka its until thle sanliplek

period ends and starts oser again.

I.Ct'N calcullate %hat type of instruction cycle time is needed to execute this algorithm. Wc will choose

a siunpling frequency of It0 KhIi. and let the amplitudle take oin 250 discrete u abcs. Ihiv is certainly a ininiul

system. lhbc synthesi/uhle waveibrins are bandlimited to signals hit\ ing at frequency content o~f less than 5.(EO

It/, and the signal to noise ratio is o~nly 52 dlI. Still, \Aith at worst case input (consisting oft the minimum

amnplitude), this mneans that we need to perform the algorithmn at at frequency of (1(1 KiX256) = 2.56 Mh/!

Ihis is ahNmit the frequency at which [he clock of most muicroprocessors operate. Iheiefore. the idea is clearly

uinsuitable for microprocessor implementation. Why is this so? T[here arc two reasons.

A microprocesso r has ani unacceptably hig~h overhead whens it has to execute ai tri\ ial subrotinne. In

the abov'e example, the it is ial sthroutinc is in the iiiner loop of thle aigondrmtuu No the micehed occturs all the

tin uc. A I MC( withi a Ill JIM omlit pu w( Mild lhave it% ram p ;snd tin pare Ii in t iowis iiiptc c lcm I in) hard ware,

[senl more mmuip1oialv. mmo%t I )ACs operaite on thec input bima~r Aoid isilig am paraict Lomir%wnf

algo rithm. I ncreasin ie length off he in put wo rd to a D A C requiires a linic. i inc ucase ini hardware (uip to a

posint) to keep dhe (onverson ailgorithmi a constant ltme oper-ation. Increasing thle woi d length of thle input
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word to the plmessor algorithm requires an exponential decrease in processing lime for a1 fixcd sinpling

frequ.ncy. Ihis exponential tinic versus linear hardware tradcoff hurts ie microprocessor considerably.

As this example shows, current microprocessor implemenlation of some hardwaire ainalog (and

digiiul) fiinctions is slill ery limited in what it can do.

a -~~ ~~ ~ -- 2,,,, j ,
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2. Chapter Two: Background

2.1 Prior Research in Computer Music Composition

All programs that attempt to compose in differcnt styles ja/z. classical, modern) use paramelers

obtained by analysis on some level.

In study ing methods of music analysis. one sees that most ol)ere by music (ors 'ore) deco)iipositi)n.

It is the methods of dtcomposition and the decomposition's atomic units w hich serve to dif.rentiale one

adaly sis proceedure from another.

Sonlc of the Carliest attempls at computer composition tried to %iew music seriallyf4j. They

decomposed music froin left to right and composed by a generate and test proceedurc. Notes werc randomly

generated, and allowed to pass into the output ite if they didn't %iolate local constraints. Such methods

produced reasonable music locally. hut tile overall strtctire was riot cohercnt. Atcrrpts ,cre mnade to get

around this problem. One medod invoked di% iding a composition into sections, and ha% ing strict specific

rules foi each section. Ihis provided fiurther "liltering" fir (ie prohabalistic note generation prmceedire anid

did not let as much "noise" through. This produced somewhat better compositions. bit they were usually

locked into one very strict style.

Radcr71 has developed a method foir composimng simple riomids tusing a set of composition nies

which arc monitored by set of |nea-rules. lhe long tcrm structire in this work wts therefore it funtion of

the round "style".

Recently, methods of musical analysis based on work d(onc by I lcirich Scenkerf9j haNe been

propostd ;od extended by Kasslcr[21, Smoliarl I31. I .chrdahl-JackcndoflI[5 and others. Kassler and Smnohar

framned their ideas in terms of computer programs. (Itforiunalely. detailed results o1" Kassler's latest research

in this area are not available[3. Smoliar has translated some of Schenkcr's work ito a series of I isp

functions. A small manual decribing the fuinctions is auailablel131.

Ie initial gross structure of the analysis nelhod proposed here was developed without any



k no Iw ldge of' tt. .il% 0 ait o rs' "ork. H Ie aIII e sIIIla I itIies fit)~ Nc~er. \s thle grtoss si icture is descri bed

bci M, (Ihe M[nia 111.11 ICand di 1ferences %% ill be desc ribed as they I rise.

2.2 A Model ol Muisic Perception

Suppose. as one littenecd to a piece of music. one iul~sed it by sew ral different procedures

"Ill11 Ita iic ccsiy Su ppo se fi rthe r di at1 these a ulil ses ccwi Id nti n iicely descri be thle mnusic in te vms of'their

pil inie opetaic'is thioughili thle lengthl cit thle entire piece, that i-. thait there wAce it fewk "rough spots"

present In each )i0CCcdIlii'S AliliIsis. Whit ar oico h dtis one ond notice if these an.ilyses %%ere laid

o111, ilicasine bs iricasuie. one heucilil thle other,

One, is , that rou c cgh spc cs inl die di ftre iit formns of ana sis 5 w i d occurI in difh een t p laces inl thle

inosIc. It scenis (lea that anl ltimate reprcsentation of' fw~ell Composed) mutsic at the percepinal lesel should

he fi cc of these: iough spots. I o get rid of tfim. one cain takc .0%antage of' the mnultiple analyses hy tying

(hemcc to get her ink oue gloh. c rep reseniitati on otf tile mu csical p iee ThIiis eCi i be done hy switching fiout One

,iilil1. sis to ,inlotlICe heficac hitting these rouigh spots. Iblik process can1 be thiouight of as periodically switching

io points of a piece of tmuisic as the piece progresses. An analogy that might be miade here is one of' walking

dloc aide a cylindrical crystal prism. Inside die prism is tile score. As we proceed down die prisni's length,

we Iciok through di te f'icct thlit ciirently gis s s the best %iew of thle music. ( I his analogy ieacitunscent of

those isd ii NI iisk%*s l'rai ries21 IAnd Sussmnan's SliceJf231.)

A,, thewe rep resenIftatlons" of' musical knotcwledge are iew ed, probleins couild arise as onte proceeded

cli 11 i the cry\stal columlln. If' one arhitraril s%\ itchied %tewk points, one could sw itch from the end of one

pI ese n t. iol inict (i he inuRddle of' .ino t her rep resetticon. 'Ii isI is a probIleimc hec ise it Aou ii d seeim best to

Sw% itch 11r(01i thle end (If. one rcpi rclcntdtion to thle beginnitig of' another., We w Ill imake -,\ ilt ing it a boundary

.Ia occstiaiut Ill thle s~tmof' iue point analysis that produces our global r epicsentation.

Siippcise there \Nw CcaIses hiC e there are no "beginning% oft' irrsentations' that thie aiialst can

11c fit to 1. ill tICNs'. isews. thie *.1.1iks wAIll 11Al to ''hick up) (fit s(onic Ca ii r ,ii fin ord(er to) find] tlie most
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appropriate place to switch. This would correspond to conlusion on the listener's part.

Somctimcs this procedure may not suffice. If talt's the case, then a new lexical icA point may have

to he formed which is a distortion of a more standard lexical viewpoi nt. This distortion could be viewed as

an imposition of additional constraints on the syntactic structure of anl earlier lexical analysis". Realistically,

this is nIothing more thal altering the original conception of reality in order t cidd functlionality to the moIdel.

As an aside, one recalls thait one of the ke probcnis in the IFrImie pmrdigin is 0 of clntrol. I low

dCes oine know what fraime to pull in next without hia ing the search tree grey, conl)in aloial ly? Assuming

that this model is Nlid. inestigating how good composers lead pcople into sw.itching their "%iewpoints" K
withlulltliin ft sion is a s(ore protgresses could end some in,.i.'. lh linto this problem.

It Ihs been imlplicitly stated that etch of thesc analyses i a complcte dC' Fiption of the piece. 1Vor

ex;itple. one ,i1a;l]sis ilmay be melodic, another harmonic, depending on how the listener is viewing thc piece

at thc time, hot each completely specifies aill the information that the listencr needs to kioit that nmolen.

Can each of these viewpllints he further subdivided? It is assumned here that dc answer is yes. It is filther

a stmed thar each of these "atomic analyses" are only paitial ainlyses. that a conplete description of the

piece canl onl) he obtained by combining two or more of the parliol analvses. The idea of man. parlial

analyses is central to the work of I.elhrd. -J~ickcndoff and other disciples of Schenker.

2.3 Methods ol' Analysis

One type of "atomic analysis" will he specified here. It is Tonal Analysi v.Mhich is t-i-m'riptioll of a pal't of

SKhenker's work intol a colntext sensitive gralnner and a set of mecta rules.

Some iew musical composition as a tanglc of in.rrelated consir,iits. It is sI Igst(ed here thatl the

tangle he atlacked by grabbing hIld or sevc;l pals in the langle and polling t lihen apirt. N t!!rally, (hey will

not conic lotally aparlt, thetre will he connections Iletween them. (Picking ,Al analysis liOCeOIIre that, in

general. mninimes (he toiIl nrnber of these interconncdliis iay be a goo1(d hellrisii foIr delermining

whether a given "n" part (lsrlption is letter than anllil "ii" ptl description.) It is fMl that fi..ising lhe
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totLl anaiisis around these "almost-hicrarchies" will give a more coherent picture of m ,isical structure than

simply specifying the constraints connecting diem together.

t.
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3. Chapter Three: Some Music Theory

3.1 Of Strings, Boards and Pegs

Take a board. At ciher end of the board, mount a peg. String a wire between ie two pegs. Pluck

the wire. A sound will result. TIis sound is due to the wire vibrating at its first hannunic frequency. We will

gise this sound another name, we will call it the wire's ionic pitch. (Pitch and frequency are terms that will be

used interchangeably.)

Clamp the wire to the board at its midpoint. With the wire clamped to the board, pluck one side of it.

A sound diftrent firom the first will result. This second sound, produced by the wire vibrating at twice the

frequency of the first sound, is called the wire's second hanmonic frequect. Sounds whose frequencies differ

by one factor of two are said to be an octave apart in pitch. Sounds whose firequcncies differ by only factors of

two are said to bChong to die same pitch class. lherefore the first sound's f'equency and the second sound's

frequency belong to tie same pitch class (that of the tonic) and are an octave apart.

Reclainp the wire to the board one third of the way from one peg to the oilier. With the wire

clamped to the board, pluck the shorter side of the wire. A sound different from the first two will result. It is

the result of the wire xibrating at three times its original frequency. This is called the wire's third harmonic

frequency. lhe third hannonic frequency is given another name. It (and each of its pitch class equivalenls) is

called the wire's mittinant pitch.

hi general, the nth harmonic of the wire is produced by clamping the wire down one nth of the

distance from one peg to the other and plucking the shorter side. A frequency n times that of the tonic %ill

then result.

The wire's fourth harmonic frequency is one octave above its second harmonic frequency. 'l'herefire.

the wire's fourth, second and first harmonic fiequencies belong to the same pitch class.

Ihe wire's fifth harmonic frequency (and each of its pitch class equikalents) is given a special name, it

is called the wire's mediani pitch.

K ..
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thle wire's sixth harmionic fr-equency is thle pitch 0o10 octaIc abo~ e the dominant. [he eighth

hairmoniic frequcyV is in1 octa~e above tile fourth harmionic frequency. The sevenith and ninth produce new

pitches.

Now that sonie of the relationships between thle first nine harmonics of a vibrating wire have been

nuide clear, an interestinig obsermation canl be made after introducing four new terms. 'Iliese terms arc octave

iiicnibership. scale, pentatonic scale and systcmn of intonation.

3.2 Scales and Systemis of' Intonation

If thle frequencies of at set of pitches are divided or- niultiplied by two iuntil they lie between tlie pitch

designated ats thie tonic and the pitch aan octax e above tile tonic, then these p~itchles have been mnade menmbers of'

iw vame octave. If these p~itches are then sorted by ascending order of frequency, they form at scale. If tlese

operations are plerformled to thle firist. third, fifth, seventh, and nineth harmonics of the aboo e example, thle

pI'fllit scale is produced. (In tile pentatonlic scale, tile dominant and time inediant hav e frequencies 3/2

and 5/4 that of tle tonlic.)

Ilii order to perforin most music, one must chloose a systemu of intonatio,. thlat is, at fixed set of pitches.

in "hicli to pla% it. Separate culures aroiund tile woirld have independently invented and used systenls of

intonation based onl tile pentatonic scale for many millennia. Thle ancient Scottish, Chinese, African,

American Indian. Fist Indian, Central Amnerican, South American, Au~stralian. F-innishi and lialanese cultures,

jtist to iiamc at few, used variations of thle pitches Foriing tile pentiltoniic scale in their music. H owever, no

cuilture uses [he llentmioliic scale in its puire form. lihe plentatonlic plitchi varied ini their systemls of intoniationi is

isi i liv thle one based (in t he se~ eiith ha rmi 1 c. IThiis i llea mis thait al thoungh tile serics oif frequencies fouwn d in

tile' Integer 11marin1omuics of' vilrmilig obljects arc elated to thle lpentatonic scale (,mid all other scales), they are: not

1tim. i 11iiilijcc tlhat produlced them.

D ocnumnting Al time influenmces that led to the systemi of intonation iii popipn r use today is beyond

thle "cope of this thesis. Ihle curent rcsuilt oif this tonal evoiuitioii is at system of inmtonlationl called the equal
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icnijipered 5551cml. The equal tempered system is based onl a scale of' 12 pitches. each pitch's requncyIC

separated from that of its neighbor by a factor of the twell'th root of'two, Fhis twehse pitch scale is cailled thle

clioinaiw 5.cale. Thei pitches in this scale arc called members oft the chromruic col/r-ioo. Members of the

scale, spanning twol octaves and ordered by frequency, are sometimes designated by/ thle symlbols:

C C# 1) D)# 1: F F# G G# A A # 11 C' C #'I D' 41 D# F -#' G G #'A' A #' 13

The nUmber of quotes ()indicates which octas e each pitch class belongs to. I'he tsmelf'rh root of two0

factor between notes is called a scmilone. Fihe term "sem tone' is used ss itli s (irds denoting distance. For

examrple: ' [Hie distance between any twso adijacent scale members, such as C 4 and] 1). is one scm itone.'

3.3 '111c Diatonic Collection

Ses en im enmbe rs of the chr om atic scale has e a 'undamen1tal rol e in mian i sy les of,' westerii n music. Th'ese styles

of imusic emerged bef'ore tile time of Blach aild continued in strength till rime oif Wagner. [hey arc also

pres ent in popular music today. 'These seven members of thle chromaitic collect ion f'ormi a grouip called the

chai orc collection. IThe di atonic collect ioni can be constrtucted UIsing the fi r'St tI i d, fifth. 5S sthI. eighthi tenlth,.

and twelfth members of the chromatic scale (relative to the tonic). If ai piece of mutsic uses at diatonic

collection chosenl io this was', it is said to be swritten iii a mrajor kei . A scale f'ormed from these miembers is

called the imajor scale. If a piece of music is w5rittenl in (G major, thie composerchose G as thle piece's tonic amid

the associated major scale would he:

'The sermitone interval between these members iif the dl toinatic collection Form the pattern

2.2.1.2.2.2.1. If. relative to t(lie tonic, thie niltisic produced is based oil the scliit(ole intervals 2,1,2.2,1,2,2 , then

thie piece is in a minor kcm'. Suppose a performiler played at filling diatonic sc~mle rung oser fise octaves . If'

one camne in Alter the perflormrirce started amid left licf'rc it finished. one coiiild tlii deternmine if' he scale had

been played in a inmijmr or minor key (unless it %.is iiidicated by thle perho tre ''slesilg ci fainl notes as lie

played). [hec reason is Irh'it one wouild noit know "ha~t the toici pitch ofthle scemle was,. A ,ct tin of'that fist
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octak e pattern Imsed on inter% als is shown below:

.. 1,22,2, 1,2,2,1,2,2,2,1,2,2,1,2,2,2,1 ...

'lhcrfore, one can conchde that the concept of a tonic pitch is important in diatonic music.

Note that nothing has been said yet ahout absolute pitch. As all the fiequcncies in the well tempered

s stem of intonation differ from one another by a fixed ratio, one need only specify one pitch in order to

specify all of then. "Standard" pitchs have been specified seeral tines in the last several hundred years.

The tendency of each new standard is to increase the frequency of tile system used up to that point. The

rcsut is that (ie current standard is almost one sen I itoe higher tha) the standard u sed in icethoven's lime.

This also means that lleethoven's works written in the key of'C major are now performed in C # major.

3.4 Notes on Note Notation

Standard music notation employs a floating point unary representation for encoding pitch(i.e. Clefs

and notes on a staff). This method is advantageous for performance and some types of analysis. It will not be

used here.

The method used here is geared toward representing single voice music written totally in a major key.

it designates pitch names with the numbers 1,2,3,4,5,6 and 7. ~tich number represents a member of the

diatonic collection sorted by pitch into the major scale. Mapping this representation to sound is easy. If tie

key of C major were chosen to be the major key, 1, 2, 3, 4, 5, 6, 7 and I would map to C, I), F' F, G, A, I and

C' respectively.

Close relatives to the tonic, dominant and mediant of the pentatonic scale are present in the major

scale. The relative to the tonic is labeled "I", the dominant's relative is labeled "5", and the mediant's relative

is labcled "3". Remember that the members of the major scale are separated by the semitone pattern

2,2,1,2,2.2,1 , and that one semitone is the twelfth root of two. This means that the ratio of the major

dominant's frequency to the tonic is 2**(7/12) = 1.4993 (Recall that the pentatonic scale's value was 3/2 =

1.5). And the ratio of' the imajor imediant's frequency to the tonic is 2**(4/12) = 1.2599 (Recall that the



- 26 -

pent~atonic Scale's Value was 5/4 z1.25). TIhese values arc so close that tie distinction "major dominant" or

"pentatonic mnediant" will no longer be made. Just the terms tonic, miediant and dominanit (equivalent to 1, 3

and 5 in our notation) will be used.

The numhers in our notation will also lbe called scale degrees. The octave of the scale degree will be

notated using single quotes ( .For example: 2' is the scale degree located between thc inediant and the

toniiic in thle seconmd octave.

3.5 Intervals

kcv s. As this is the case, it is first necessary ito determine the relationships between the pitches and groups of

* pitches MIMI founl these progressionls, such as mnelodies. One immediate obser~ ation is that the vast majority

it melt dies hae o lireqncv jti imps spanning morefl that an idtate. (Tiis is due in part to the lIi mitilions of

* t~li e Inst ro me it used to pe rforim most inchid ies: thle houma n vocal tract.) ThIie fore, in exam iing the local

iclItOitnships beWDAen tWO pitchcs inl a in~ehidy. one couild construct a table with, t oxo octave span of thle

d imo n ic Collctioin oin eachI axitis. T he intersect ioui 0.tch ax is enitrv coumld be osed to record ini orm at ion about

the ex periment performed.

Inl onle such experiment, it was determined flow "unstable" any two sticessi ye pitches sounded when

played tite afler mother. Ihis instability could result from tine o f two feel ings, either that tlie pitches forined

a progressin. aind thle progression was incomplete, tir that the two pitches simply stided as though they

didnit belong tiogether.

I' he figure i labeled "Intervals Bletween Menmberis of' tile I i atin ic (CiollcciiionI Forin g the Major

Sc, le' Co n ta ins filie condienused rest ills of this ex periiimenmt. In tile figi i, the dtlo ti iic imeimberis forming thie

mmajtiv stile were sepaiiated by Itheir semlitonle distamices ltimig ia line. T[hen,.11 inhe segicuts with emdpmilits

Ivuig oll .1 tdiaitiiui imihtv were drawn amid siiedl by semittume len~gth. As pimevitnisly discussed, thle seven

ditoic iiemurs ire repieseiited byt tile imimhers I thoigh 7. [heir l)itcl las eqISiva(IlitIs in1 octaVe higher
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are represented by the numbers 1F through 7T.

'[he resuilts of tile experiment %iere that tile groups tagged v ith black squares: 1112, M2, a4, 05. m7

rand M7, Aere felt to be unstable. Tbe groups not tagged: 1:. m13, N13, p4, p5. n16, Nib6 and p8 wcre felt to be

staible. 11 wvas f'ound that in isolation, all members of each group were perceked ats being equivalent. As can

he seen, there are onily 14 groups. T[hey are each designated by a lImer-,niuber pair. [he nu1.mber indicates

hlo\% 111,11 different members of thie diatonic scale are crossed by tlie segmnt (including its endpoints). [the

letters are the first letters oif names given to the groups. It is not necessary to know the namecs to unrderstand

thle oi k presented here. but they arc presented ats at rmatter of interest. [he complete names in order fininn

thle top) of' tile figure are unison, inor secomd. Major second. minor ihir. Ala/or t/iid. pcfjeI Jouirth.

aungmnmed finuri/. dinmii. /Ied lfi.l pefl'ci fillh. tnilor SAMt. Mlajor sixth. minor screnih, AMajor seven/h andl

pciftoc octavc. Mvi2 and nQi are tile mlinulnuml length intervals shown. The number of these intervals contained

in each segmnent is recorded in the columns labeled "N12" and "1112".

In addition to tile main result, this figure reflects two emipirical observations thlat were mjade. First.

[lhe order in which thle pitches are played does riot matter. T[he succession 3 4 gave results equivalent to thlose

obt(ained firom 4 3. he second observation was tile concept of octa' e equivalence of interval. 'I'bis mneans

(flat the progression 3 4 gave thle same results as the progression 3' 4'.

Thliese three empirical observations: limnitation of octave jumip, directional equiivalence of interval

jump and octave eqtuikalence oif inltcrval mecan thlat there are onlly 56 absoIlute illtC1rValS thlat can be used by

meclodies whlose membllers consist soIll of pitches belonging to the diatonic collection. (if ilon-diatonic

mnembers are allowed, thle nmbehr of' possible absolute intervals increases to 156 using theCse three

observations.) All these 56 intervals, represemnted ats linle segments between members of thle (diatonic

collection. aire shownl in the figure.
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3.6 The Tonic, Dominant and Mediant

The title of this section lists the three pitches given special names in this chapter. This group of three

pitches will bc given a special name here, they will be called the tonic triad. This term can mean differcnt

things in different contexts, but here it will refer only to this group of three pitches. Note that all the intervals

betm cen inemcils of this group: 1-3. 1-5, 3-1', 3-5, 5-1F and 5-3' are stable intervals.

Music that embodies the concept that these three tones are special is called ional music. Theories that

attempt to sa. things about such music are called ioal music theories.

'[hiis thesis presents a small tonal music theory. The main argument that will be presented is that

diatonic pitch progressions protduced in the major keys have a comnon mechanism associated with them.

The key fature in this mechanism is that attention is constantly drawn toward and away from the three pitch

classes that belong to the tonic triad. The ramifications of this theory will he presented in the following

chapters.

3.7 Stimmar: Constraints is spelled with 'ai'

The Purpose of this section was to introduce several terms. It had another purpose as well. That was

to present sonme ot the local physical constraints that exist in a major key melodic line. Assuming that the

results of the presented experiment demonstrate "physical constraints" is dangerous. his assumption was

not made lightly. It is based on the fact that the "experiment" describes many perccptions that have been

recorded in hundreds of thousands ofdocuments since the beginning ofcivilization.

But the results of the experiment are a function of time. Only a subset ol' the interN als now viewed as

stable were conidered stable 1.O1 years ago. And only at subset of those stable a 1,000 years ago were

considered sLible IfX)0 years befoie that. The perception of stability also varies from culture to culture, and

sometimnes from person to person. IHowever, the sane can be said about key conccpts in tie phonology,

syntax anld semnantic structure of lingtlage. I lerc, as in all A I research, one mtt work with what imnIerial one

j .. ,-,. ,: .: " .. ."
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has. 'lle material presented in die figure is bctter than most.

Knowing the physical constraints in any problem is important. As much A.I. work has

shown[22,1211,123], when making a breakdown between two clCmCnts that are physically relatcd to each other,

it is best to make die breakdown along some percieved physical boundary. Thc initial boundary perceptions

obsr cd in this thesis are those that have been described here.

I _
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4. Chapter Four: A Tonal Grammar

Semper ident sed nonl codetit modo

4.1 Music

In contemporary Western Society, "Music" is a word used to denote a large number of' different

expeinceICs. The Catholic me~aning given to the term is probably due more to people's inahifity (or lack of'

desire) to discrimninatc between perceived events than to anything else. [he same can be said flin tire term

"Music 'libeory". Therefore. since the usage here is very specific. a definition of' "Music Theory" will be '

presented. Recall that no definition can be *'wrong" (by dlefinition! ), ho% ce er it C'um pr1oC ito he w omthless. It

is, Oflour1sc. left to the reader to judge the merits of'the definition himself.

A luswc fheory, i.' fi~rmtdI.Y~venj, sonic of whose oblecls (lit, o be inipreied (is ijudit oty, even/s.

1liere is nothing new or startling about the above definition. It is ess;entially a recapitulation of' the

"Music Model" figure with the added constraint that the indicated procedures and symnbols satisfy the

requirements of a formal system. It is stated here explicitly in order to still the majority of arguments made

concerning idcas in this work. Once it is stated, thie only real argument left is whether or not work bascd tipon

this viewpoint is wor thwhile.

TI he music theory presented in this Chapter is concelned % it li te tonial progressions of' itusic written

iii thre major mode. At the heginning. it totally ignores questions of' itch durart ion and stiess. It will report

(mser~.itions on pitch progressions from a niurnbei of' differenit levels. Representing k nowledge obtained from

one set of' hese observations is thre subjct of the next section.
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4.2 Grammars

There are a varietq of ways to express knowledge in a formal system. On the level of music examined

here, knowledge is expressed in terms of production rules. Production rules are used because on a local leel,

music consists of multiple, non-trivially different. independent states. This makes it feasible to writc multiple,

non-triv ial, modular rulesi IX]. A benefit of this method of representation is that it draws a clean line between

pieces of knowledge and the processes that use them. This allows this work to present these production rules

as a set of"design niles" for a subset of music.

The work upon %hich these rules are based was written ii the early part of this century by an

Austrian music theoretician named Heinrich Schenker111191. lie and his modern day disciples expressed

their ideas in what are essentially sets ofcontext sensitive rules. Some of the rules can be found in Regener8i,

Kassleir[Kassler75j and Smoliar[13] as well as in Schenker. The subset of rules presented here are designed

primarily for use in the tipper line of a piece of multivoice music. These rules are expressed procedurally

below.

All music has a main structure. This stucture is called the fjiimamenlal descending line. The

funidamental descending line has one of three forms, they are:

3 2 1, 54 3 2 1, or 1'7 6543 2 1

Rules govern the addition of pitches to (and the insertion of pitches into) the fundamental

descending line. These rules are called Iriadic n'peiliott neighbor inscrlion. iriadic insertion and step molion.

The rule of triadic repetition states that one pitch may be replaced by two successi~e pitches if the

pitch is a triadic member.

The rule of neighbor insertion states that any repeating triadic member may have one pitch one scale

degree higher or one scale degree lower inserted between the repeating notes.

Tlhe rule of triadic insertion states that a triadic miember may be inserted between any two notes if no

unstbt)le intervals are created.

-~1i
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The rule of step motion states that any two pitches mna he joined by at comrplcte ascending or

descending series of inter~ening scale degrees or steps.

T'he figure entitled "Part of J. S. Bach's Two Part Invention Num1ber Fight" shows at derivation of a

well known pitch progression using these rules. 'I'bc resuilts of each derivational step is indicated in bold

letters. It is incorrect to assume that this is a derivation of' (fie piece. It is simply at con venienit way to show

sonic of the rules. Note that fihe triadic repetition must precede at neighbor insertion. An ordering not shown

onl this picture is that triadic insertion preceeds step motion. IThis derivation is defined ats being a sint/hcfi or

top doiti parse representastion of the piece. Another representation is shown at the bottonm of thle figure. this is

a killplc ( view point of thle piece. as no ordering onI hlow thle dcri~ ation was done is shown. A third

rep resen tation %%ould be a n anal) fic represen tat ion or at bounm up parse.

An abhre~ jation of thle rLe natnes will he used in thle figuvres. Thie descending fundantal line will

he laheled F,. neighbor notes will tie laheled N, triadic insertion will be labeled 1. triadic repetition will be

labeled R, ascension and desce nsion will be labeled A and 1) or S.

RIAch of the abo~e rules, expresses at fiacet of' thle idea presented in the last chaptei. lhere, it was

theori/ed that some claisses of tonal music use mnetbods to direct attention to and from thle members of the

tonic triad. T'he rules expressed ahos c do this. Note that hioth the concept of step and neighbor involve

intervals that %keie defined in the last chapter as being unstable. le system of rules guarantees that the

umnstable intervals will comne to rest onl a tonic triad member. 'Ilie concept of' repetition reenforces the

presence of a triad nmember. flie funidamental descending line connects neinbers ofithe triad by step motion.

Triadic insertion guarantees that (lie major scons of' the progression tire rein force(] with members of thle

tonic m ad. F'romi the fundamental line to thle most local structure, it is clear that thle concept of stability,

in stability amid resoio mi ulto the tonmuic triad a me emrubedded deeply initi thle AuminewA u(if tilte systmn
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These rides arc all defined with kno)%n terms. It is easy to .,tite theml using a gilinunal in terms of

pitch. Thbis is done in the figures entitled "Major I".

Ib'is grammar. like all others, consists of four things: ierinas. n n-terininals proiAcion~s and the

sn ential vsymbol.

Here. S is die sentential symibol. thc key s~ mbol fromn 1A hich the tonl1 representation is derived. Ibe

production using the sentential sy mbol consist% oif the string of sylmuhols folho\ v. g [the sentential symbiol. I lie

arrow mneans "call be replaced by". 'The dark vertical bars located onl the right hand side ol'the productions

represent the "or" operation. TIhe 0 sign simply designates %hiere thle mnelody starts. T[his mecans that the

descending fundamental line production can he read as:

S can be replaced hy @IKI)C or(,TGFIKI)( or C(iiCIAGIFH).

Thew l(J~er case numbers are terminal symbols. Tbey are whl~a Ohe iion-termiiial symbols (the letters

in hold) mnust eventually resolve to. This means that the first triadic repetition rule canl be read ats: C canl be

replaced by two C's or by the tonic.

lThe triadic insertion rule is essentially a grammatical implementation of thle interval table presented

in the last chapter. A shorthand notation is used to express this knowledge. The set membnership symnbol

iitdictes that the designated norm-terminal can tesolve to any terminal in the brackets. [he informiation could

hale been represented just using "--Y" symbol, but this version was Niewed as being more concise. Note that

although this notation hats the disadvantage of indicating thle resolution of'non -legal intervals( i.e. 4 4. 4 6 or 4

5' in the UV' production for example), these intervals will never appear in the string due to thle structure of the

la nguaige.

Iii this graina, .the da rk syminhiols in the asce nsic in-d" lesesio n p~ro dlic tii us are ni n- teriot mals. In the

Ns. Ciion l-d(lcrinsion pro d uctioin%, ait irthantd nttat io n Iiir the co ncept (if ictavye eq uis ale tic is used. I be

qIuo ted C)symbhols designate that both sides of the indicaited production are it) he raised in pitch one otave.
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For examplc. X' refers to thc J production where .1l1 cntrics to the right of' thle airo" are raised one octave in

pitch to 4'. 5'. 6' 7' and I". Fach of the rules arc octave equivalent. that is, each side can be quoted or

unquoted at will in order to produce a new rule. However one Must quotle both sides when doing this. I does

not produce IlT for examnple.

In thc neighbor insertion, ascension. descension and the triadic insertion productions, two

nion ierininals appear on the left hand side of die production. T his means that tie rules arecConiCA I senlsitive.

If there is only one non -termninal on the left hand side of the production (and nothing else), as in the tradic

repetition irile, the rule would he cIOic. i free. ie distinctionl between the tw&o becomes apparent when

comtucting automatic procedures for [fie analysis ill strings generated b) iIiese roles. Atomatc analysis

pri xcdures, oi hitin in upt parsers are mnuch easier to construct fo6r contex t free piomiies dianl for conitext

Notie tha t this girmnmi coinsists so lely oit simig leungthien ing rude. . l'hiis ica us that one can ailw ays

detcruii %hether inot f a senten: k i a mnenhemi if ihec gimmir bY a %ery simple procedure. [hie prio.edure

v ist, flus ote the lcnlgih of' thle sentence inl quecstiowi Next, OieA deiillio aJ 'tree"''with tihe SCHIoenua

s% niol as the root. ( )low branches on this tree fromi the central root omit h\ applyinug each oit tile p. issIble

rultN wheneser ipplicable. ('ow thle tree Until all iii the productions on mlie outm branches mie the lenigth oif

the input string. I mall, comipare the input string ito all thle brandies. If1t 1A ith isotund, then the string is in

tie L~miige. If nio siting matches, it is not. This procedure is guarantectd to workIt be- ause it generates all1 the

tiol down i prses the length of the input. [lie pio.cdurc is guarantee~d it) icimimiiate hetaiuse Al rniles lenigthlen

the %irig. fit iii shownci it. or leau it thie smnrmc shie.

I hie , slcmii looiks powercfol. but power if onle surt mist siialk lie ii.lced (ITl fur pmwem of anuother

soil. ( 'imusdcr (ie inisli il example labeled " I A ikc. I Aimi I ittle 'itat" Notk- die ikcp)Led ,mh lb imirih

Imuit 'WiLunhl dt-J meeS. I ht' IMCseCii d ',,% scli IIs simophl m(.)) I ofi)iI 'JI I ImIg thulItI. AIItW in C, mI aal I .1,11:IOf

pimtIuc4ingan on iimistiomi L1i'iitamnmug theml. 111hi hi mugs u, fit die next% (esult

l1o. Ila/1ur I Ni11 0 Itl is u us ,xlum i/. th is. if' the 10 111111.1 i in. 1I' e ofi mi p)10tilit k i thIl Ie v,(,fjj'n



Jlk, in te p rted as, be ing dhe scale deprees oat imtjo mfItode mt e hd), Own u nl toiinal ci mpi ht ions are

p rodutced.

(Aumlleflcnss, is defined as being thle IPMoperA) that1 eC ei "tinle" di jug Ill thle S),Stetit I,, Illodu1L.hle

trout thle altonis (tile seittential production) and [Lhe tLlIC'. ofl ni'rlente (thie other pioduction'.). ic M~ajor I

%I%/ Ma IN iicoiml, Ilc. hult Is, (herie are tonal compositions. that caninot he produkcd using the g-aianlr.

thle Molor I '.%Stein Is guaranteed to produc toil\ tonmI it111osioli'.. 111,11 It 'A Ill nlot p~oiduC .iI of'

tiert. Ils iTIC.1its that thec sislcln is not ptifi cliaoliagh to jliltt\ the Iniel pict.itioii ot belig .1 totll1 tonal

I I get a better pei'peCLtt\k: onl this. let's cOtiISdei tile gelImeiah IlhCIti Ofml .±i111,IL dli 1tttlC~teie191.

I'l aItItaticak.1 intcietic is. the. pikcess '. i t c hg the gtaitttii ot a hLinguage : helit oti suimpg' puiduced in

thte I'liiiage Aie ,ilhos~ed to be used Inl (Ile nleteitece. Ill oider to ite Ili, gimiutiar f'ront ILNui.. oneC ntiLIt

(iAe sour1ce 111itC1,1 at tol \rk idl. It IS itt(CeStIng ilo note that Ili* ,d'PidI tmaa m,, rem c ptiddht 1.%

j.'.4'.",jlh' tor mo%ic geta! graiimmamI. Ini orde to inter a giatiir trout muskt, atI to peilrtt -Ili\ etii'.ilit

Ol,'I'lltloll, mvi king ttmiehk liom cxaiutlles i,, iliistiltceitt. One itiIst first flawe a dectiiiitioti ot M(tat is i1l1isic

il %k4h(tt isnul. L iitmii.ith like "lowe aInd "Imeflligetce". 'uttilsit" is a tmin "here -derttiis" lead to

.11it ,,l]tits. 1it101 iheiimet One of thie basic coniphiuts inide of St-henker Ii his omni dai \%,I that lie

liw d lo stite \411il music ".as' It ined out that his definition tat thek com pos it Ills that tite ni1.iJor

tu(Iset'. .NONt tim'. %4tAC i'cie tomlg. lvethaps thtis is \&1. Ill hs theories eie inot as mespected Ii hisom~n da as

t11c4 'le I'm t.ii Ow t. 11111" c.lin etil. no0 ione01,1a %I %tie to I tif ni %Iatum a iptt i trmbonaltJ int aui

10,1 l Ii lit tIti 1. it 11"l "mis h' lf thats si, h P I i / i blirmi 11C l CT (Ior 1 .1 111.1 ,polp'. It,~'l , 1 lil 1%

dooo. I.c . ii i l .t I ik 1l", 01,111g 01W kstit h pcill ,satim . lsI"uu 11c lii. kk 0.1'11 iii itt. 4 t k (tkii 'id isee



-36-

4.4 M ajor I I

The Miajor I grammar seems a little unwieldy at points, particularly the last set of productions. th1is

can be interpreted a number or ways. One is that gramnmars are not thle best way to implement thc ideas

shown here. Maybe the procedural inethod presented at[ the beginning was "optimal".

Butt this %~ould also %iolatc the initial intuition, thatl local state call be chiaracterizecd by simplc rules.

Verhaps these productions % ill seem simpler if siewed from another perspective. Inl the Major Melody I

granmmr. eaich tone A~ is x. ieA ed ats an object. If instead, thle inter. is hetmeen the tonesmae ice ed as objects.

hen.ii i hm rai m i ca b ciinttiete.Fillis is shom i in the Ntiaj r NI lc~ Il a gramnmar. Note that s me

if he uls ae iii ~ ttii isliga dt'erec i/cfoTIhe' smaller fiont is used to express (lhe concept ofvscp.

I lic unlit step., designated as at I for at rising step and a -1 for at falling step, is the onIN terminal for tile interval

eigom11ar. I[le other nol;iilcrs are nontermninals expressing the step si/c between t~k o notes.

NosA we see something rather interesting. All the productions aie defined inl ternis of step or pitch,

thait is all except o ne. lhe triaidic insertion rule is defined inl ternis offpitch aind jump (a "jumlp" is a change

of pitch Largei than a siep). [is feads to (lie obser aiti in that(. excepting (lie triaidic inisertioin rule, all Iit,' rales

arc-e cneW if ic itci eceerpre led in thee rig,/it doiwue. It is proposed here that the rufles be di'ided into three

i~ pes. those thai look at pitch. those thatt look at intl s~al, iind those that pee'.ide a sc' itch betweenl thle two.j

I be triadic iiisertionm rule is of the Last Is pC. It oiperamtes h3 doing t~ki things, Inserting inl interal greaiter than

asiep. and leaiding ihe initemAt to a tonic triad meniber. Since it o peites inl this sA it( hi role, the triidic

nsertio n ridieI is apart From the otier%. it ivnaN lie ditheiigh o ;i a mUlctrde>. I t is, 104 (tlie 11113 possible

s%%itchingp" nmeuLirulc.

I he I esmi It Oif (lime cnn teXt freeness of cc rt ,min Classes oi, mm isi h1.is noit beer' eel 111iid p Ic'.it usty. It is

siml s ti 1a lmi i ('11ciii made illi(the field of Iligisti(cs. 1110 IamcI thai enlih s~ ritix (i. *m be described by a

ki-ii flet' nmionlar .?is Iiumig is' %. imt~i% is noct used ii ,It Cmiiit 1, egil.1i1.. ticucbtte itim ihimted to semimamitmecs.

I l he I oi Ii %*,111,1c11i( . ilocditeits 111e hi, ,eIs Ahlelmce 0 1 its eto looik it the iic dcs, I *i tie look hcniccit them.
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tHie reader may be a little confused at this point. First. thie rules %kere context scnlSiti% C, for a second

Lhey seemed context five, and now they arc a combination of both. The confusion can be cleared uIP quitc

easily. A normal formalism consists of something elsc bcsidcs objects and rui]cs, it also consists of an

interpretation. The above result seenms to point to thc worth of determininug a fornmalistic way of' showing

lihen to switch interpretationls onl the same objct.

4.5 Why Two Grammars are Better than One

lb is multiple grammffar iModel affeCtS the Mnmber of sentences genermtablc bY thc systemD. 'Take thc

s) stein consisting of parts A and It in the figumre labeled "Miultiple G ranmmnars". Split (;a inito two

independent grammnars: G I and G2. Consider dhe resulting total system consisting o F the grammiars listed inl

paris A and C. D~ecomnposing the melody in part F. it is seen that the sentences in the language are

conIstructed of "parse segments". Only one of the two grammars generate the terminal symbols of each parse

segment. [he length of each segment is designated by the non-hold symbols starting with the letter "s".

Note that (Graimmar Ga can generate 8**N sentences of length N. Grammars G 1 and G2 canl only

generate 4**N different melodies apiece. So, parsing the melody with two djifferent grammars may alter the

number of generatable melodies.

What is the exact relationship? Consider Gi Grammars, each containing X termninals (As diagrammed

in par-t D)). L et each grammar genierate melodies with N total notes containing 1) parse segments of arbitrary

lengthi (the lengths of the segmnents need not be equal). thlen there are (C**F))*(X**N) total melodies

1piissible. F'or the example shown here, the ratio of the generamabte strings in the Cat system to the generatable

strings in the GIi and G2 systems is (8**N)/(2**t))*(4**N) =2**(N-l)). The point of this exercise is to show

that by using different granimars to generate different sections of a melody, one can reduce the number of

generatable melodies. by an exponential Factor. Note that this reduction will only occur if the grammars are

sclectel so tOat 1- is signiflica ntly less than N.

A It humigh thie niumnber of ge mcra table m nelo dics may be less fo r dectm npo ised granmua is t(Ihanl for
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LIndecoi nposed gram imrs, the rc is at proiblem w it h the abov e a rg itlieni. I Iti l ri n her of' grat i m s if) filhe

example had been 4 instead of' 2 and the graniamrs' 4 terminals were still nicirs of' the i idcoinlposed

grammaru s set, thlCn the uipper bound onl gener.aable melodies %&ould has e been I 6**N. Thiiis doesn't mean

ta decomposed grammars generalte More mnelodies thanl die utidecoinposed gri-Jimnar, indeed, (he

iudecomposed gramrmar completely spanls [lie space of' All possible meclodies, so that would be impossible.

Wither, it meanis that one can obta1inl amblliguou1s pa'ses. Since Vraniniars (31 and G2 i2 rc completely

inidependentL (thley' has c no terminals inl Common). amlbigu-ous parses donlt occur with thle abose tmo

gramnma rs.

lheret'Ore. in order fir die decoirpositionl 10) ree(U OI1.11M th[librofgnrtb tigte grannunars

ShOUld be tes1'onabls 1idependent. (anld hopefuilly the ambiguous ticrivai lolls base meanling).

4.6 A lheory o1' NMuSIC Perception - Major I lb

N\ljoi Il a hs been slightly mlodified and is now presented ats Miajor I lb. [hle neighbor note insertion

inl tli', ginntar is inwrpreted as being at restatement of' a tonic triad mtemnber % a~ an itljicent seitle degree, .is

op posed to being ani interul aIproduct ion. N~o te tha fin add it ion to being con text. fr-ee. the gramm n ar hias been

st it lll i tlo IKr dUC L ic t d~,e'ivatiols. IThiis grlimir cani be saiid it) p resenit a parti; i model ofiiusic

ujideistinidirig bcauI~se: it 111o%%s the listener t0 parse the miusic ats it is being heard.

AS mtusic is -) bayed. expectations are cicated h the appearance of certain noecs and arc fulfilled by

(tlhef , h16 It creaite their own i expctations. [his grammar niodcls these concepts quite well. I et's look at thc

two part1 in10101 ntio nuniber eight 01gio. Inl hearing the initial 1, the listener knows that it is either at miember

Of the( fiidnietal desce tiding liii , the -ist part ol'a triadlic l i--oin or a necighboi Insertion. Inl hearing the

secondi note, hie kinows that 'it must he the result of a triadic inselionl. Ill heaiiing thie third 'ite e knows that

the first note was repeated, this means that the origintal IC production resulting from) the firs( has been

emitd conipletely and thle expectaition of'a neighbor note resuiltinig fnrom it can be thrown away. H owever,

the' third tlote Cani 11ase at neighbor or a repetition . .. atnd so on till thle sixth nlote. I lele, thle switch produetinn
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ha', beeni inv~oked. antd the sc'.cilth note is at descending step. ihe interpretation changes and [lhc 1)

p r~ dUti tin in the desceniing stepi is act ivated ahong with tiie pt ss hi lii of'a it neigihbor Inote prod oct ion.

A nothier step occurs, this F' is n-ot going to he reen f'Orced, so the BC( posOiih is not cs alated. Fwo mlore

stqep,. v% il the 5 be rceinfbrccd? Yes!, and so onl.

Thiiis is all Fine and good, hot, [lie above paragraph dlid not list all the possihiitics that wecre valid at a

i\ en instanic,. It did riot reflect thie fact that Bitch did the listener a fav or in the first fcw notes by' establishing

lie ic theI ionic, n di ant, and donli i ant Werec. It did not account hi r the p ssibhility th at at neighbhor nlote to

the first 1, might occur after the second I had been stated, and so onl. Wo rse et, there was nothing in die

,O r~iuniar to pres cut terminxiion of the descending stcp at the sixth scalc degrec (Note that Major I didn't

have tils problem!). All of these things could he implemented in the Major Ilb gramimar. None of them

,Aere. 'The reason is very simple. '[hle grammnar Would have been touch longer if this had been d]one. A

rainmar miodel can represent all aspccts of musical struIcture, hut it cannot repr'esent them well. The aspects

thait it can represent well hlas b een presented. III the work here, the grammiar wais transformed. but it was

nc~ er (and probably ".ill nes ci he) expanded much beyond this level.

Ihis arlgumencit answers a question raised when analyzing music by "laiyers". If we view tonal

strtrieii as be inig the elaboration of a basic conIcept th rough maniy lev'el s, should the elabo ra tioin pri init i es be

tlie ,amec for cach levecl? Perhaps for miodel of music cognlition above the feature detector level, a convincing

argimeit for the hiomogeniety of elaboration operators oil all levels canl he made. I Icie it can not.

Whait will tie elaboration operators he? I low is the aibuse knowledge used? [his is where die

conlcept of confrol procedfur' and tnchm-vul( conies in again. One example Ileta-riile is that aI neighbor note

aissi teiatnin is mnade ti I lie last appro)priate tr-iadic 111ciiiel he mCaid. Ainotlher is that at descenid inig step miiay not

enid onl a inoll-timadlic niciliber liiless the last stepi is uised in ;ineighbor note configuration. What otlhcr

ii tl -ri iles shlt d lie used lieric? Ix pet iatioof Ct( in ltll cilichles, ''c on i o se ise", iiiyt hnic cutes, son d

ittensitv aild other Ilitcbods canl be used to dlecideC what tom expect. iand whtei tol throw away uiievallited

nion ternimals. Iseta i iito his is sarting9, bit current results will not lie reported here.
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4.6.1 Confusion, Boredom and Interest

If this theory is true, what are the ramnifications? Onc is that We can anticipate %%hall boredom.i

con ftusionm and in cerest woi d correCspond to in the mo del.

A poison can be bored or confused onl Itany le~ els. If thle rules are learnable onl a basic level, then

those w~ ho (lut possess these prodcIItion rules %~ ou't have a "deep) unlder standing" if thle lajorl I I Music they

hear'. Ihe \A III hear- it. but 11hey Won't be listening to it. ''hey could be bored by thle k hole thling.

I fie idea of'bo icd m ilso bringes to inind( the ideca ofinl leirest. M ajor 11 is amigiou x. I hIat I ulea us th at

IlnaM' podulctions Canl be derived in inamt difkeet kay s. Ail example is shovk tn fuial themie in thle figure

labeled "Chertibinli'' It is not clear xMhether to \icA thle I or 5 as repeating. fuolfilling c:Xpcctmtins in a wily

that is logical, lbnt not expected. can be comstrued as wrresponiding to a tuechinismn of interest.

Ilie figurle entitled "More of Blach's I Wo Pmat I nceitioi Number 8'' shows just that. Some of' thle

conlcepts ex~p essedl h1CtC aile scmt wiuk ing in thie duagin. Ifacli opens the piece bly establish ing the key. Note

thie tonic iepcmiion. Next hie reenfoices all nmenimsr \A ith a descending step and neighbor motion. thle dark

lines p)recced iiceas x" fete thte music is gix en rhythmic ,ticss. Soti te toic is used to end the step, it is

reetiforccd ri~ htiicaffs mid ius used to launch the next section. Al\l this is important IecCCiis it i queIStionle1

Wi hre thle DmsIC goting at this poinut. Is -ur 5 repeaiting? We ee that 5 \xx ins this rond is it is stressed by

neighbor moot ion.

4.7 AlI hCuitY oWLMsic Improvisation

Onec cii expand the Major 11 grammar in i left to lglht otuler "oit the fly" if' one renteibers thie

1ii1ctie' limed teitminals.

linbiu11.CIng thle cOonCepts preselted thus far xxould seemn toii uiuly the fimlloxx iig IMMiude of

inuipr ovisatinat. I lie illto'. i"Cr ilist ha~ve threeC tlmimags Witl h Il to Aoi k. l-ii st, sevetail sets of local ruics.

sitmhI as thle set pres-ented abovie. Second,. a store wlivl records thie prouuictionis niot yet been expituided.



-41.

IjIdI L, a SCI Of pattern1 palrameters, acqui red ats the iimpI)rowsation proceeds. which Ihclps Jccidc Ah ich of the

set of, local rulces to apply next. [low large at repertoire (if rules. coupled with how hig a store, coupled with

" hat (and hlow big) at set of pattern paramecters are required to do "good" improvisation? Can at tic between

understanding a sentence and improvising music be found? If so, then tie work of Marcus 1201 could bc used

in this problem to see if improvisation is l.R(3).

4.8 The Minior Mode

To conclude this chapter, some productions for the minor mode are introduced. T'hey basically

constitute a set of' exceptions to thle rules previously discussed. Thmese rules are listed in the figure entitled

"MNIinor Additions". III these rules, thle symbol inc mans that thle frequency of the Jpreceeding pitch should

be r us;ed one sem i l mie.

InI looking t the rules, it is easier (o see why there arc two separate sets (if roles for step motion.

Apparently, ascen lis different tlmam descent ini the minor mode. T[he reason for this lies ini(the minor scale

itself. Recall that the uminor scale interval steps form the pattern 2.1,2,2,1,2,2 and the major sc-ale fonuls the

pattern 2,2.12,2J.. There exists a scale called the inu'lodic minor which uses the minor pattern when

descending the scale, but when ascending, it uses the pattern 2,1,2,2,2,1. fllie ascent uses the raised sixth and

seventh scale degrees in order to make clear the direction of the step motion. A final example, Bach's Ilouree,

is ,hown derived.

4.9 D i rcctions for Further Research

A broad set ofmitrules is nieded to extend this model. Parutial research has been done onl this, hut

the results will not be reported here.

[be grammatical inflerence methods of KaismiI 9l Could be used to expandI the grammar. In her

primper, she parsed M isc co de coml v ersat ins usiniig I lii ted Claiss of gr. mmiatical p rou ict ions. WIhen a new
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production wais ecoun111tered, a special grammatical extension procedure % as invoked. One example

extension that is possible ill thle present grammar is the inclusion of a doudble neighbor production:

E --> EDIWE

Hoevr ev)ert for at graumnar that only produces nonophion ic tonal progressions, thle present set of

produlctiols ife Ncr'y limited. Therefore it may he difficult to use thiis set of prodUCtions ats at basis for such

wAork. Perhaps at diffkrent "working set" of' grainmaticaml prodocti ns can be de~ eloped based onl a set of

diffe~rent r-ules. 1 OneL oudien develop procedures for switching between onle m.ok i ng set and another.

Fil'e ad ditioni of' rh i thin and imulItiple ioices is also at logical next step blr other iesemi rers iii this

field.

I lov~ever, thie real direct ion should be ohb ious toi each individual researher ats hie or she reali/es how

111iii;lc 1licovl Canl benefit their own interests.

4.10 Conclusions

It has been shown that a class of niusic theoretical rules used inl the study ol conipositioil can also

iLcouint lt mu insical percept io n an rimprov isation.

Ii like maniiy pape is. the pu rpose of this one is not to priesen t ait isIt. Its purpose is to iprok e at pot i.

I he point is ihit imisic is ai u;luhle domain for AlI research,

Fo r ex amiiple, recall ( lie ''framnes'' pa rad igin. F e w iicrow orl d mo dels call staite a reson able

irichanisin ('Or sWiliin hi 00poiiits. Ill Showing tfiat at joiinip larger that a Step caulses the expctatioii of sonic

chan11ge. this paper Coimes close to having this ciipahilit . It would not hmie been possible were it [liit for thle

sim le nti ure (of thle inic 0 world model chosen.

I I'hiS is imcr iw il d ',)V1 st ii a ii e (anmd is heli ng de vc I ped lu rthle r. Iii thle c ii se 01't1hatil ct eipiie it,I

suspecl that this work "ill be quick ly exposed as a wrong aippiroachi and that thie ideas preseited here %ill give

vwax to tile use of some uitlii cognition modeling concept. limit then, thitt's thie whiole idea. Sometohing new
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will he learned. and tile pieces of die prCViouJS work can be salvaged fior tie new model.

Marvin Minsky on1ce said that writing "l'crceptrons", thle book hie co-authiored with Sc~nmoor Papert,

may have bee~n a mistake. T[hat inl die book, many of (lie simple questionlS aibout Perceptions wcrc answered.

'I[his depri~ed workcrs in thle field of handholds whcn approaching the subhject.

This thesis certainly doesn't have that problem. '[he work prescinted here docs niot consider any~ of

the interesting subjects in mnusic deeply, although it does lay tile gr'oundwoi'k for studying sonic topics. I

si ncerels hope that readers will use this groundwork (or deveclop thei r ow ni) as a tool to in~ estigate thle field.
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5. Chapter Five: 11we Inexpensive Sy nthesizer System

lTe purpose of the inexpensi.. synthesizer is to pro% ide anl inexpensive tool that allcms one to keel) a

record of any ke~ hoard perfornmnce donc while away frmin the mtainfrlame compuiter. Meh system must be

complete and portahle. IbiS ruleS out standard keyboard instruments. such ais the piano. It mlust also

Intcerface easilN to other equipment used inl the project. These constraints dictate that the inexpensive

'Andcsi/er produice sound elect ron ically.

The figte libeled "N rkSsnthesi/er Archectures'' illustrates Sonie possible music s~ nthes,,er

designs.

InI des.ign A, one records thle audio signals of~the actual pe i orma nce a dl has the com tpuiitet t ratis be

the recording into its P~erformnance Schedule usinig "[Hie Iar'" link shomi in the "Niuli Model'' figure. [lie

signal prooessittg problemis etncouiitered "hll tirrig to extract theptil iiie p,antrees froml a gi\Ct1

sipfiil are iiitei'131 and prOcIlude thle Use (it111 this I-r0ach.

It is easier to inie-piise Soilie iecl.i"iist that actiallk iccoids %kli~a the perfoite is doing, as

opposed to thie sounds that lie is produ1cing. I )esigIu1 IHlluaes this idea. I hie -piotossor'' (oild be random

logic x\ ired to to pertorm dhe appropriate algoiithiii, or it could be a general priipw e de~ice, When recordingp

parainetcrs InI his, manner, one miust remrembet that a good perIloi ie JIM %%l upe1Wnsite \her play IIng a had

iirumnt m ordei to produce thle solunds he 'its. Iherelibre. MI1 heOs w h pctii ce patneters

exraicted h the processm. it is iniporlant to knox" "hat li1 pr1i1ite ,IL1.11 iyherd as lie played. As

electroitc s titlisis illows ai tune degreeC of' (.i111'0 OVet the At tuul miound pi 'fdtoelo wii eeShould be no

(IispI.11t1. hCNI.T11 [ic piouhCiicdsnOMids1aiid eIuCIoLed mc ibr11ne p(rulleii i 0 leeio s\ iltltciei.

It v Aoldd he n6c 11 ti1t. pixesSor could pcili h ot i 1uti lie ke\ h41 1 "I' .111m11r .11il linr and the

S 11rik-i~S Ifnne a1111S AS hai( I IoC-Agi. ecuCV0 if0 ote oh (tie tonirriik ,i\.itl.ibl 8 hit fll(k ipicucesors

%%eie onlI% used hiur[the s~iIiu1 0titlio, thcy 'AMIid he limitedI to( ihisii '1OW IW i 'oices thiiouig) in1 9 hitI ~~IV)A it anm8 kh/ s~iitiI)e rii1291. (In much u system. thie 1untc'uohoo tile puHKessi Is to10 d h .~p~~it
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indiccs for a se of table memories.) This method is therefore quite memoriy intensive, a~d a microprocessor

used in this architecture could certainly not perform the additional task of keys canning.

In order to have a keyscanner and/or inore %oiccs. oie could implelent the system shown in design

I). i lere, the %sork of synthesis is disided tp among many processors. I lowever, if ai microcomiputer were

used as the synthesi/er processor, it would still be used only for tatble lookup: and as pointed out in the

introduction, %lhen a microprocessor is used solely to execute simple algorithms, the overhead becomes .

unacceptably high. I )ue to cost considerations, using inicrocomputels as processors in this architecture must

be rejected.

It was therefore decided that design 1B was the best gross structure to use. I Ln ing decided to use

design 13. it was necessary to construct the keyboard, the processor-controller, and the synthesi/er. ts well as to

implement the interface software. '11'e next sections will discuss these ispects (if the overall design.

5.1 The Synthesizer

A block diagram of the synthesizer is shown in the "Inexpensive Synthesizer" figures. In order to

understand the operation of tile device, we will start by considering how to best use a binary rate multiplier

(Libeled IIM in the "Frequency Generation Scction" figmre) for producing a given system of intonation. To

do this, lei's first review this and other cncepts presented in the first chapters.

5.1.1 Producing Systcns of Intonation using a Binary Rate Multiplier

In order to per nm nt )ost western musi., oni Iust ch ose a .S.'sir JInollolflofl, that is, a fixed set of

piches, in which to play a gi%en piece. Ilhe most con n(1 system 1f ilit inationl used in western countries

toda, is the equal Iemin'cr'd us'rm. I he eqtial temlrcd ,slstCu of irnonation consists l'a set o I? di fe lclt

Itlii s(hr.. I he frequenic,, ilic memler,, ofai i\cn pitch cl.iss difl'r Inmm oie aiuother by Iact ors of two.

It' io plk he ' freqen lctis (dill' r by only lne acltor tft'l\&o (and are hence members of (lie same pitch class),

ihe) ,11 ",mmd it lie ill ',,,, p.t Ill pith If,mll (ihe iii .inllCis (Ifll the pi1 1h CISSClSs ,rC glolped ogtle mu1d
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sorted in order Of f-cquICnCy, then cach group of 12 pitches from thle pitch Class C to thle Pitch Class Of thce next

higher frequency It is called an Octave. Fach pitch in this group is called a member of that OCUR~C. III thle

equal tempered s)steni of intonation. the ratios of thC adjacent frequencies in tile Octave is equal to tile tweld)

root of 2. A part of the equal tempered systemn of intonation is shown] below.

octave pitch class frequency(hi) frcqUency/8372

9 C 8372 1.00000
8 11 7902 0.94387
8 A # 7458 0.89089
8 A 7040 0.84089
8 (3 6644 0.79370
8 G 6271 0.74915
8 F#5919 0.70710
8 1: 5587 0.66741
8 S: 274 0.62996
8 D)# 4978 0.59400
8 1) 4698 0.56123
8 C# 4434 0.52973
8 C 4186 0.50000

As shown in tile last Colum1111, the .scale call be thought of hiasing a nmain note, the ninth octa~ e C, from

'Alhich Al thle oi icr notes are obtained. Using this conception, one wa of ohtaiiing this series of pitches is to

make a box that can iilitipl) ihe frequency of the ineiith octak~e C b the gisen fractions and produce the

resulting frequencies as oututs. A IIR M (binar y rate multiplict ) is just such a box. It has two inputs: a

frequiency ! ;iid a binary word A~. It produces one outpunt, a frequencyr of Value f *(%I/n) where 0 = < X( n.

She Value of it is a1 function of' thle specific hardware implementation, irt ISusually a power of 2. Both A and 11

are ilitgel s. [ lie inpu)Lt frecquenIcy is used to clock a1 con iiter anid thle hi ary "~ord controls a state decoder.

The Pulses pioduced h LIIc BR M are noit of equal widthl. I lom ever, if the frequency mtiplici1tion is

do ne at a high freq Lid C an (lite rciesnInng pulse (ilai n is divided &~n i)Al 10 Jti f requieIcliy usinug a divider

dilli tile jitter is not nuticihle. 'I lie only other ;ynthesi/cr %hidl usesN tis wti hliqe of prodticing a high

firequeiicy signail thlat is, di'.idcd downi Io reniose jitter is the Northicisteiln I )ignil S~ ucla'. icr S~ ithesiiej27j.

I hey do nimt use a IMl NJ however.

Ii oilm1 ile otesII inte equal. tempere~td S~A-le. A Set (11' k" JI11CCneedd. Si0l)po0SC It IS 4096. [henI n'ie
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mnethod t1i generating thle v inputs that are needed is, \kith the equation

x Round(4096 * desired frequency / top frequency).

Ihis idea can be developed further. What is wanted is at series of' fieqUencieS that arc related as in

the ta1ble above. Ihleretbre, thc top f'requency input to the BR M need not be the top fi-eqmenc . InI fact, thle

highest dtta 12 input HR NI can multiply b) is 4095/4090, so it caint ccen pass the input frequency out.

What is therefoie needed is the "best" Set of binaur word inputs to tie HRMN. "Best" A ill meanII tile SUMn o1,01c

sqti res of die diffierences between the apprio xi mating and act im l fia C tit Is ie at inin ii n in. 1 lie Sets oIf

nutmeraItorsare obtained by noting that thc

desired note in LItii p1 ie no mciato r14096)/( top ntote iii Lltilrntill ~ 1111r11Itt r/4096)

(desired nIote muIltilIier nurturoI)/(tl topitte Multiplier- numeratC'or)

I desired nte freq(uency )/( tol) note frequency) -

I!iiii/ing thle falct that thle firequenc ratios bet\Nei note,, ill any ,, steni of' intotnatitln is fixed, at

prograin cain search fon the "best" set of nuimerators quite Simply.

A table (if "best" numerators for use in at binary rate multiplier generating several different systems, of

inltoniatioln is shtown below. I hie ratios for these systems can be found in 1171. TIhe equal tempered scaile is

listed ais being '*I)iatttnic" inI the refecrence. T[his is reflected in the tutbie.

Intonation Notes/Octave Top numerator Sumn of'Squared Errors

Sub Inifra D iatonic 5 3994 1 .20F-9
Infra D~iatonic 7 31880 6,751:9
I )t,ittinic 12 3902 1.85F&8
Suipra I )iattlnic 19 3994 4.05Fi-8
Just 12 2912 0
P)~ thigilrian/Cbinese 12 4012 2.061:-8
Meani 21 4064 5.061: -
Wlrcattlrian 53 4092 1.3&

N, Ii imoic 256 41)71 1.151:-6

Ithe abuse ssternis (t inill,itioni mie quite iinterestinlg. As mcnv ttd, the I )itlonic scIle is, based o~n

I? Iltts IIt thie ottaxe. eaIch apjan pair diffei iitg fnom the ttther h I tacttt tf 2*(I 1/12). [lie other diatonic

"etIles, thle Sill)- Inf1r, thle Itihi' .111d thle Supra base% then Idj.It'int ttoues dttil~ ing t'rm tttt antother hy the
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Itilth, sellC11111. anid nlinleen t lots of tv~o. [he h tagor-Cat scale ishvcisd (in the ii qiient riwoW3(a pure

fifthl). In tie ecatorian scale prod ccs it scale h\ thle samie allontrini is, thle h. th iwv~ien skale, but it cAImes it

to 52 iaerations ats opposed to 11. The lust scale is, based on Lhe (nter al o lie p012 fifth itnd the pure Oiiid

(which has at frequiency ritio (if 5/4). File Mean iotte scale i; based onl aifth11 that Is, sliei 1\ ,inaller than at

pure fifth. The 256-I iatonic entry is inicluded to sIlo% ho" fast thle errOl gnvkS III thle (11at101C scales, using a

12 bit BRMI.

If an 18 Nlhi cr~stl oscillator is used to clock Ohw 11kM, aid thle IIRNI is, piothiing the equial

tpeted scale: kising thec 3902 \aluec for the top octase mnieratoi. theiifihe Aanei can Standaid Pitchl equlJ

teiiipvied scale (hisd onl at 10(irth oc:ttsc A of 44(1 wi~t/) will he produced.

Althoug-h thle IlkM needs to he run at as, high a frequency its poss'Ili [Ii dis Ide okn t s in herent litter,

thle s~wnthesi/cer ultiplexes it into 16 oscillators in order to reduce chip count and cost. A consequence of this

in thie present design is, that some timing constraints are 6oitmed. TIwo of die 16 nitihiplexed (flees don't

operae prloperl\. It was dleenied pr-eferable to have 14 voices Instead oif 16 %clies and im iie hardware, ;o) the

desi-i \kits left in its present form.

t he U AM in "Frequency OGenrtion" figure contains the multipflexed frequeincy ultiplication

niieiralts. File write controller updates their contents onl processor command.

It is assiMiCie in) this Section thlat af 12 hit IlkNI is Used to generateC just one octase of' these systems.

Ihe lower (icta'kes Wiliodd be obtainted by cimiig the piduiced freqiiiencies h) 2"a w vhere i is thie number

of octas es below thle io p oc'taise wAhere the desi red freqIiency lics. I I(1 ill', ii icc 'IIonlphl shd in practice is

described in thle next section.



S. 1.2 1 11C Octa C Shitkrcl

\N mntioned It 'Ach .issunied 11hu11 tile11< \l 1 lIthIL Cd the iiC III oneS 011 IA\ C It Is

landesiidle to produce note,, oer Iuri ciht tti\c licquAteL lung IAI iug Ih at. ( 12 hits (At ii pIl cI so i. IIl

IesN Owl tittnder Ideal conlditionls. hitn listiteiis ,II olasilolulaul Ij I pall 111 5 k(I i lqi.m. dierleli In

thle Io\%kei octaCes (arutitild lid) 1 13 lIIeicehure. te en I? hit,,(i t CItI1% ,rqai pI)C0iskil 1CI uut\ lc try n10t

stilliciciat for Ia hig~h qu.1alatu sound s~ndlestucr. Ilhc~~ci. [lt, Iciii IC 5\ illik"i/Ct is nOt used tindei dcil

conditions. so 12 hits of' precision pet octa~e Acre deemned ,ui. icii (I t, I lidcs pikudtitked h\ tile letlirte(

s ruihlesi/er dto noit sound "grainy"~ at thle lower octa~ es).

Alire quiestion of ho%% one should changef (kt,u\C es IsIig A 11 \1M stil ilt Is Ik' 111cIhod u~sed hereC

takes ;udhdtage of' thle fdct tin.t shifting at hjnar ntitir one Iposlilimi to tIlke right In a fixed length lurr~rr

"ouid di'.idcs tlie numhe, h Iw4o. Ifit 12 hit code %kiii meo fill *at [the b)ottoui IN Iinput to) Au fIRM. .a tfieqIieCII f

II1 he pioduced. If this I? hit code is, shiftcd dom u one p~osition 'ath /ei4, 1 01 it the fop, it mil pioduce the

f'requency _1/2. I lius. Iln IS hit % ide HR N cdii produce Iln frcqiueiue' spe. tied to I? hits os i 1u 7 (kti'

range.

Ifthei l'reqtiency Aord is shifted one position mnore after it re~ichcs thle hottom, tlie lcust sigm i fi.airt bit

AIIi he lost. So one canl use d fiRM to synthcsiie l'rcquenciesmoer an 8 ocLtI%C e rduge 11'f1 oNe Ai iinfg to had\

onl. I1I hits of precision in thle lowest octave.

I[he Fiunctionl of thie "Floating to Fixed Conmerter" is to petrfilrii dtis siiifluing Opetdon onI (tie I ? hit

li-eqtienc %ord. I irs hardware is equitalit to thle aligining lurdw.ire used Ii some lloaitinil point rmclnes.

11wl shi fling "as done1 inl li1ariare heCdtius thle controller is Iln 9 hit ui hi ne arid does, 1S hit Nhift ug poolilN

I lie iiu.1jor pals of the frequenrcy generation scoi IlAiW MMv hetII 01ooIiletch dks I Ibed 111d autnll

i1lti.ittiui. thc Imicessol tells tile swItltestierI %kll,ilit iII( (tILI\ t1iiig thle lIIC(IliCILN NeC I Inpu~it. 'Allit (Xtt\C

tio 111.1 it Ill using thle octdsec select input, and which \oit- to pla it fhorn us"ing thle \oice sclct I illtit Alt

the data. is set ltp, thle hpr(esour sends a *Recidy" signal to thek N ntlresiucr. I hek fl(otng to in td il ut trer Ohwn



jlligiis the P2 hit otd ind the wri-te iintioller A i lie- the aigicd %oil d iWt i pp I opri ice. I lie 4 hit

Lotillici Illklupkc ,\ filtik R\ h!, prtoxsin echi tme throughi iind Owni Juig tlie INI's >,tate w i the

,IlK out put hue., I Ills ploducce, the l6 Ill1iltIp~le\ed WOi.Cs oil the I1I{\ otiput.

513 AnAS tidc A \ I S I S\ 1nihesizer

Isl 14IS (I'M t..rr jl \ 1110A Ji1.qi (it' tlICto l 'ett~ IN the tIll ic fipf ibclc "IA VI SI I'requelicy

I lic 1,14 qc( 't I t ISSNOfCIr't ( FIeqieu tLLC11 I I Ill t MiMIt~bl ICIIlI 1 N ~1101 ITItuhttp)1e- theCir outp1uts

11 I J iil Lt(1 it li i' 111 i I III III-Ir t(o (lie &O L' 1' desiglI. II4'\kC CI O iery' OS0 1,i" 01,111 101N flutp Iit Iequenc

', 1tiiriine 1\ ilec ieltuon [itt kcht k/N*8 ( I < IN < 2'2() )

I 1L.e ,h'N.,ui , g1ININIs ii three 111,1i1 part1S.

hf, I I.1 I, !ckl Nker l Il, (l teit ayl ie lior the Icit. I his I,, done, hK ippki ig i hit of data to tlie

I) I \'l\' 1 Il '1 I A . 1i11k,' lic 1) \ I \-II11? I UI l ptit Ilgb.he hIg Ill: ~ eK 1 ck s defected using a

dh'A WtC h1Ih 'di1 1CLdt fill I hie I'liopit ithe clmi'c *hc1e( fi is u~k d it) Nhilto hold Ii the i i etiInput data

Inll . \II, rfiti/ Mlu/li hFi' d, I 1 1111M I(I.1id tl tiCLt, I olictiit , 15 o st I tduce hit', Ah Wt'lilol tn11,riilatill Which

poutt ftfi t , ,11:1%1,/ I bId ( ked .1111) "i 1 i 11' il' OfI ??1Ie itk dttt "Ill, )l spe ' the newI cottents of

ithe Indtil t r I c'lci'ir Sci i1 as o~pposed it) pul ll h liig \AXII~ 1t 0 t',\ (il p)ids 111d pad SPZICe.

sleu1t f t) 1 .4 ' ill .'Ii lto 'ulu , J11 ItkI I wa l it e 11 iI 11110 C i , - t ri m itiue (to them xori~

It , Itlm . ItI tdu jItu I li e legiste 14 1t the it. )1t ,I lk i, ttt I ( pj tOlit I itII \ titi it II, N W ,i ~i:



cauISes thle %oie register section to reload the coil u-dom i register afresh ec ii te ite /c state is detected.

I his NOR gate Aso drives thle ndilx ftqcvoutpilt pad.

There are at numbcltr of reaisons for nlot Using this, or simlilatr, %] S I designs to implement thle lemlote

s~ nthesi,'er. One is cost. A mass production runI for this chip would cost atpprox iniately $10,000 to produIce

500 ip.It wuld icld 100 to 2100 good chips at it cost of, $50 to $1 0( each. Ihle chip) Cost Of die equ1iNJalnt

part tithe discrete design is currently about $25. (Also, this project cannlot currenlyl utili/e 100-200 ICs.)

A nother reason is speed. Ani N NIOS IC uIsing the design metliodolog) of this clip cannot, ats of this

\%rIiting, be clocked as fast as dis -retc 1*1.

tlill.te IC design is not ats expandable ats tile discrete design. IFor example, it is relati'~ ly easy to

changew die discree desigin to strobe oul t awaveforn memory ewn eiafter (the boards are b~uilt. It is currently

iimpoissibile to 'retrofit' anl IC its signals ncded fromt thle Chipl's mnechanisin my not be asailaible onl the

Output pads.

5.1.4 Amplitude Modulation

lIme current remote synthesi/er design has no amplitude nmodulatioin capability yet. It simply

demmltiplexes lte "16 voice multiplexed output" shown in the "F-requency Generation"iihguire into 14

separate voices divides themn down eight octaves and then adds themn together through an analog sumnmer.

11i oweer. two diffe'rent amiplituide moduliation schiemes haie been de~iscd foir this synthesizecr.

The first method is shown in tile figure labeled die "Roim Ampli imde Miodulation Sect ion". I lere, the

output Ireqtieic'IC produIced by' the 1110I is used to clock at counter which accesses at 256 element wavef'olnil

mci mu ry toble. ('I Iit,, si gna l was sim ply dfivided doi to imti alower freq tie mmc square s"a~ e ii [time p re~ iius

decsign.) Natimilly time oultut s aseIVmmimm1 fiomi die tab11 %kill ('cciir it W/S61tt i f th quecmy f'd to the

Loiiter. Any %%ivfOIImim canl 0e tisedif. ad there coulld he se' em.Ildileiemmt ones iii thle t'mble. Ihli oitiit 5IV

%Ill lise litter at tlime higher havinics. huit this jitter will not be iioic~ihle iii thec audio r.inge 12 11, Since this

ss mmthsi/cr is mit a fi~cd saumple I-lte S.etnl. time 1.ible cam) he aIs 'ditm Ias ."V emmi ks long mimd still pi ~lor
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better thtan a fixed point s, stcmi table lookuLp SehemcI USing2 Illte IIo] ili oil j IK meminni[271. Ihe reason for

this is that at Nar-i'lbl samnple late system hits every table Cntrs onl table cntr) bomndary as it increinents

t11101.181 the inemory.

'ilhe multiply operation indicated in dile figure is ohs iolisl\ divital. .ilthoiligh lcl here a ds'antaus to

mtaking it anailog. For instance, by Cascading three(: 8 hit iiitiliipl~ ing D A~s, one contlrolled bv thie was e table,

one controlled b thle aimiplitLide reCgister and one controlled h\ iln en\ lope enelrAt'l r. ('0111oud obtainl tie

cqUiVa1lent ol'a 24 bit I)AC. Ibhis method is used in thle Northeaistern D ivii.il Ss iiLavier tilhe ical trick in

doing this is to base i good set of nortiali/ation procedures to kee-p All of the I At's tilled.

[hle final step inl thle figiireC has the adder inixinig(the '.oices togethecr 11cfore thes 'Ire passed out to die

A ecind mietlhod of' amplitude 1110(d1.1,ii6011 is illusti avdi ill thle flignie labeled "Squaire Wave

\piluide .\odo I ionl Ner tion". [his nmetln d reqjuucs less lfahi arihin the first. hot is iiore hooited.

lwtctad ot' uodoliting thec amplitude ofI an arhitrarsi "was eforn. it aiplitude modnhics the square \Aivcs

oiitjoitlio the IIR.M. (. tue e do this suth ANt) gates insteald ofontpir a s squae %k~iscsiaredual

salhled fuinetions. \lu"u~ n q are'sss hv a giwei salne 1is eqileiti lto [SM~ItchingIL ithat \3I al1e olAnd off

at thle fiequimec\ \%sll llic \qoue ~e is os cillating. 'Ibet modulhtcd square WasesS are- sOMiiitud and out11put

as before.

5.2 [Hi Keyboard

I ie.lc hoelb i N Isus olt 101111itmuneici.l It i a 5 imtise in111e (6]1," ke ) s i~ll \m ts~o SI'SI switches

per I(e \ll SRS I s\As tides Lounct to a Comit1110t ntis. Ilis gtl es flie ev O lidt, ckipaeuht to be %elocutY

snItl I\e. I Is optin . lit en11iiiuh u~sed. JIdtloiui'lu 0' it \Aere( JilleneiC Jted& (lie 1mn.iulntIC Ci [Or umld he

%kets gleut. Siuilulili'1 1ts1 ca puills diiu kc. slpm"sumn ktould climiuu tc munch oif' tIs mior on a

muiiltisss itch k, J lo.riid. butl (1) 1 kcibOatu dies 10,11t 111sCe 10 tht I ttl)tlit V.

It isIucc titi itli)tc tlit t11tle arc ouhl three~ 111.1 ii ituitis t ;I kteshoutld pet if item
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Clds to in;itl ke, board instrutents. I'hey are tile key's Nelocitv, the time of string imnj ict and tile time of

strillg release. Ihereftore, things like key acceleration need not be recordcd as it performance parameter.

I)uring (iperation, the common bus is grounded and the s itches are connected to a 64 input

multiplexer. This allows the controller to randomly access each key. There is no debounce circuitry on the

sN itChes Or the multiplCxcr. The deboUncc operation is pcrformed in software.

5.3 The Controller

The controller is the device which glues all the parts together.

A block diagram of tile controller is shown in the figure labeled "Control Board". There were three

reaons for designing a controller board as opposed to using an off the shelf s ste. Fhc were si/. cost and

parallel i/O capability. '[he processer is mounted on an 8 1/2" x 5" card. It is cheaper than any other

commercially available card of equivalent power. As shown, the synthesizer and keboard require four 8-bit

po(rts of parallel input to control. More parallel I/O is needed if the system wants to send the parameters it

records in parallel to some device.

The processor can act as a slave to a remoite system, recieing note information, encoding it and

playing it. Ilowever, its primary purpose is to act as a keyboard scanner, sending performancc update

information to the storage device and simultaneously playing the notes struck on the keyboard through the

s, nthcsi/er. It can communicate with the storage device throughi a parallel or serial port. Only the serial port

has been used Cor this function so far. Serial I/O allows one to record the performance paratietcrs on a

cassettc tipe and send them to ,t modem or directly to a mainfra en machine.

Since the amplitudc modulation section of the remote sythesizcr has not been built yet, no exact

clailns c ln be mide about how well tie processor simultaneously updates the synilesizer, scans the keyboard

aid transmits performance parameters. IHowever, the synthesizer described in the next chapter was

ioiltiilleld using this contrnller, and it was able to update four groups of three 12 bit anmplitude envelopes

\khile coinnected to an N-key rollover input device. The currently implemented de ice handles all of its tasks
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eailHN using thle algorithin described in the next section.

5.4 The Software

I hie controller must perforim three tasks. [First, it must scan the keO hoard and eliminate the key

bounce and contact noise it encounters. Second, it must routeQ the picsscd ke~ s to thle correct oscillator voices.

Third, it 11111t send tile perforinaii,11cC aatti to thle stra e xiCe.

I here are txo xays to implement thle keyboarmd scanning algoritim. Ihe fIrIst and m1ost obviouIs is to0

use a dedicated piece of hardoAmre. IN IoMUIr thisM ~ol nail ditional cost, a.s no small, checap ke~scaiiner

is cumniily axial.(Another problem is that none of, thle organ kec boairds considered could lie eamsily

c' m eed to haw e a key matrix ouitput, which dedicated1 keyboard in teifiu'cc chips, suich as tlie Inutel 9279,
1 A1

reqjuir.) It A~as thcreforc decided to let (lie synthlesim.r conitioller Also peribrin the keyscanning algorithm.

[lie rotiing ,1gorithin scans N/1 keys and issignis t he p a~ ed keys to N osc ilIlatiors, It is not allowed to

Ox ci x lite oscillatorS un11til he have finished play mug a note. It is not allowed ito issign the saute played key to

tx,%o osoillals. (i.e. thie ni1apping hetweemi played ke~ s and oscillators is one-to-one and onto.) 'Ihis being dhe

cas, if' mtei thaii N keys airc hit, the algorithm xsill not aillow the excess keys to bie played.

1 hie pe rformnice parlrnietem tranmiss in Ap i t 1111 sinipl1 packs al ties in at quet ue and then tinpacks

aind sends themi when tile lirouessor is free.

All the .ilgoriis ;ie perf'Ormed iii linear time. 'I lie routing dporidhmi is reported here because all <

prex ioums algorithitis coimsidcred %kere ((NN) or requnred at doublv linked list or a stack.

Ile figuie labeled -'Ilie IKe'scam i Algom i(hitti ';imys interimmedimice stngs of' thle algorithm.l It reflects

hie fI'M th,1 thereC JW twn sit1011o" 1cire Ns0C1,11ed With it" in keyboard ,can list f KSl ) and an seillitor note list

ft NI ). I lie KSI 1ndiL.11C1 1'if Inkey Is hushed dx% ii. I:Aicli milem1)ith oFiii (h epieet in scilliti mid

pwin to tile thmmiet ke im im thu sullin t ph mg. in [lie liguine, the leters heneathl the key boanl

miiiitc Mm lit h ke). s (iing fie.I licblmck imiks oni thec keys itidicic whitIi emi, xsin the KSI, aicii timed

oni. Ie c11.1 k ;tmmrc hoe time (N ) ar I bit talls usecd In the ( imis of,11 '1eali11011.
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I'he algorithm starts by scanning the ON I.. Any "0" cintrt indicates that that oi. illator is currently

lflying a rest, so "0" entries are skipped. If the ONI. entry is not "0". it is markcd and i check is iwide to see

if tie ke it points to is still being pressed. If it is, the KSI entry designating that key is maked. If it is not,

tile oscillator register's value is put in a queue along with the key release time (this inltornition is required by

tile performance parameter transmission algorithm) and tile ONI entry is assigned the value "0". After die

ONI is completel% scanned, the free register pointer is then set to point at tie first oscillator register.

Next the keyscan algorithm (KA) is called. It simply scans tile kcy hoard from left to light mnd reports

ke s that are being pressed (it may also mistakenly report noise is i keypress). If the KA reports a kc, thai

tile KSI has marked, we know that the register scan has just examined it, so Ae simpl, uim k that KSI.

entry and go on. If the KA reports a key tiat is not marked, we assign the note to the first untarked (hence

unassigned) oscillator register. h'lis is done by advancing de free register pointer until it is pointing to an1

unmarked location and den filling that location. When tie KA finishes scanning tie keys or tle free register

pointer increments past the last ONI. entry, then the allocation algorithm is done, ihe marked non-"0" OSI.

entries are keys that were pressed down and are still pressed down. The unmarked non-"0" entries are new

kcN,, to be played (or are noise). The marked "0" entries are ke s that haxe been released. The unmarked "0"

entries are free registers where tile oscillator is playing a rest. Next perfornance parameter transmission

dgoiithn outputs tie queued values for 10 ins. This output loop prox ides the dehounce titme necessary to let

the keys settle.

:inally, de oscillators are updated. This is done b. scalning die ONI. registers. If the entry is

Ulniarked and the key it is pointing to is not pressed, then the register is deallocated. This ase would occur

in practice if there had been noise on tile key input. Again, this is the reason for tie 10 ms %ai(. If die

minimi, ked regis er's key is heing pressed. tlen the key is plycd and queuted daoig with its "stam ( ttle'. Iffihe

olumilts of the i,,-tcr indicate rest 'Ind the imiser is nmiked, then a rest is plaed and tile register is

nmniirkcd and dalloc,ited.
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5.5 Conclusions

The system is adequate, reasonably portable and cheap. It can probably bc packaged into the

keyboard case. and this will be tried. The storage device is the bulkiest part. Until the technology evolves to

the point where cheap portable mass storage is a reality, die machine will never be totally satisfactory as a

portable music typewriter. Perhaps bubble memory will solhe this problcm someday.

lack of amplitude modulation and the limitation of the %aveforim to square waxes was viewed as

being a problem by some. but not by others. Such a view is apparently dependent on %hat type of music

synthesis hardware die person had worked on before. Amplitude Modulation hardware will probably be

added to the design eventually.

'he true purpose of this hardware is to provide a cheap device for music composition research. It

serves this purpose well.
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6. Chapter Six: 'Tlieme and Variations on a Digital Signal Processor

6.1 If God has His mathematics, let Him do it

In constructing the main digital signal processor two choices %ere made. The first was to decide what

model(s) oif signal generation the processor should be geared toward. A processor embracing manN models of

generation would be much more complex (and expensive) than a processor based on a small set of models.

Secondly, tie implementation mechanism was chosen.

The models considered can be broken down into two classes: models using non-linear signal

generation techniques and models using linear signal generation techniques. Models using linear signal

generation techniques differ from one another in the sets of" orthonormal functions used to approximate a

given waveform. The most common among these methods is sine summation synthesis, which is sometimes

called Fourier synthesis. Another interesting set which is briefly discussed here is Walsh function synthesis.

Non-linear signal generation techniques are not as well understood as linear systems. Also, the set of

6'fuctions that they can synthesize is usually not complete. '7hat is. there exist periodic functions which cannot

be s ,nthesized by some non-linear methods. The advantage in using such methods is that they are usually

very cheap comlutationally. One of the few methods in wide use is called FM synthesis. It synthe.si/es

sounds by varying the parameters to the FM Iquation (See entr, III in the figure labeled "Synthesis

l:unctioms Used in Music"). Other models were considered but won't be discussed here.

The main idea behind constructing the digiul signal processor was that it be sophisticated enough to

fulfill most people's needs and yet not so sophisticated that people can't understmand it. Therefore, models of

sound production were chosen dat were reasonably well known. These models and their implenentations

me dtisiiuSscd below.
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6.2 A Design [lased oil Synthesis by Walsh Functions

One ineelinisnt of sounjd proiduction considered was Walsh function sYnthesis. Walsh functions arc

it set of ol tollo ic func itio Ins that take on thle %a Iues -I and I inl the 10, 11 inte ,icr l. W heni plot ted, they look

like a set of square waw s ( Rademacher functioits) with duity C Cdes that chanige through the period of diec

filnct ionj 3 lJ. Walsh fiunct ions ContCaini square I& aI, es. and ha\ve be tte r co nt a Crge nce icl ipe ies. F ~ai ple Walsh

fun 1ctions ire shown itl higu l C abeled "T he FirsI:Figh t Wals I 'd Itiie iiiiY. As Canl be Sel), Wi si funi ct ions

arC oridere'd by tltC number ol /crci crossiitgs per unlit interl that 0101y possess. he order ing nciittei is also 4

cailled thie functiort's sequency'.

Iho bi'.a1Lud ampillitude of Walsh Fcuctions miakes them p~ai1Clalyl W1 Sellsited br ical ltle digital

\4atelirfin smithesis. Recall that in Sinte sinmauion Ssiitlesis, onle mlust imuilpls each Site wa,,e bly some

igtingUI \lite. SinIce tlte sie Wase takes (in conitiituotis salcies In tlte unit nitcrsal. this requireCs tha11t a tue

1utultiplicationl be done w tenCI perTling the eCiglttiItg. NMultipflicaiticulis5 ail e\pCii!i1.C operation tct do it real

ftine. Iii e\-er, since a Walisthi fnet ion on I assc zines Iv, c\all ies, (theic %igllnl O iu perit io i n c InlIy p rcoduce

(%0 iAmeIi ior arny weigh ted Itnput. T hese %'all ies a re either the weighlt or its ntega tiin. Sro i it praet ice, ute

nmuitiplication is replaced %wt ita "Conipleireit/ Not Ciompleinent coperation. Ihlis is anl inexpenise

coperat io n tio pc! hIrioi itl real tinte.

Whlit relmins Is to coitpute tlte I antd - I Vailues I(Ir thw Walit fuitctionis inl the umlit inter'al. 'I'le

60 1lcOW if Iig CiiL gissim tiil meIt od foir d(Iiiig t(Ius. /it u rtcwni, edi ppmuImd hi I una ion welntlipu'r wai

Il/Put i Oh Iic g,1/1 W/ic tit : -iaat,' qi ill,-: t II'd ~iI a/c fim in n 1 cu11r ill til till/ 11, I I .

Iblbie.()c if' a 1IR % IN is loiwed l h a "I" Cl1)iilo, tilk (uIp t 01, tic liptirlldul. I CsIK, thle Set oIf

Ws hiiitoiis esictl (imiiliplied b either I or I dependiiig oil thiltnIIIil state ic h Iliplop as it

detects (he first edge). Wtemi eing the was eb iis prin lcd l1 i i(h ai m cII till, mic mud ~pt ci CIte Ilipflrp's

,eostate is represeinmg - I mid tlte "one" state ats representtintg 1I.

Ini tIime A til ttile ki oidt i IIoin scCtiit [IlIf thle last ( ime.1 the0 lll %I Was Ia 'A~ d is at IIeth1Iod of'
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producing jitter) square waves, H ere, (combined whith the integraing llipflops) it is %jewed as a cheap

generator fiur Walsh fiunctions. This alternate interpretation of the 131? mInakes it ait IluCII ore pow erful

de\ ice than before.

Used ats a Walsh function generator, the IR M can be thouight of as at table memlory with an extra

inputII. Ilhis inpuit Chooses WhIiich Walsh function is cm ientl\ b~eing snuobbed ouit of die memilory. By

combining at set of' these functions, each appropriately weighted and accessed at the same frequency, it is

possNible to generate any wavefoemn of that frcqUency.

A Walsh Function synthesi/er that would perforn idagoithiii "I" showni in the *S~ urhesis [iiciions

U sed in NIusic" figurec was designed on paper. A blo)ck diagram ot' iie imachine is sho iw in m ie -\kAalsh

Fuicuioi Synthesizer" figures. Note the sinmilarity between these diaigaris and the ie es mms~r

figures.

[he reason for this similarity is that since a BR M can be used f'or producing Walsh Funuctions, the,

cIicif produiced frr i/ic inexpensive syntthesizer can be used] to gencrate, WcI als/i ]imnon dh'riv'anx iln a

I VaI.lfusmnon digital signal processor.

The task of selecting an oscillating frequency for the BRM oultput functions in the "Walsh Wawefonn

( encrotio Section" is done by Using a second IIRM (labeled IR M -2). The output frequency of BR M-2 is

specifiabhle Ito 24 bits. i fdesired, at "loating to Fixed Conserter" could be used to feed the binary wom d input

into 1IRM-2.

[it !fortu natel , the output of' HRM-2 must be %iewed ats at jittery square wave. flie I/n co unter

w cold he us.ed to renMse Sontie of the jitter before this signal was used to clock the Walsh Function (enerator

unit.

[lle Jitter prolilein is Ci iticil to the design. W~ilsh tiiictomi s~ uthcsis sems to trade off the

iini nai~tion storaige in aimiplitiide Ir information storage In seqtieiiu4 (Ani miilog useful in understanding

ti s is to rcall the ditteienCe botween AM and IM NI eLoding of iiibrma~tion). Since the jitter would co ipt

the ditl cs IC. it wo01ulW~ seemlafct the inforimitiun stored in it. Jitter is remnosed b imiking the ii iii the



1/n di~ idei cer) large. I low e~er, if n % as made tot) large, then the BR NI 2 iniiod 's itld produce a

fundamental frequency of lto low it %alue to be Icceptable. In this case aio(ther method (if frequenic)

gene ration would have to be substituted.

After the Walsh function derikatives %ere produced, the.y would him to he Integrated and

miultililed' by their coefficieints. The method for doing this is shown iii[the "Coelhicieiit Weighting and

Amplitude Modulation Section" figure. Note the srtilai tics between this figure and the 'Square Wate

Amiplitude NIi dulation Section" figure. The "I wo's Compleilenter" in the: \aish s~ nthesi/er could tic as

simple t,, a ii iw, of ' FxL tiusi e Or" gates it the errm produceed h\ not1 adding I in tlhe t "OIS 4.0111 plei ie i

ilgIi itllit is small. Next, the Wals~h 'harmoics" areC surunre1d amid mtiliedho h. li aitplittide enmelope.

1:1iiftiitt,11iiaeV, pcople are curientlv taughit to \iCe signills in terilis (if fiequeiic as opposed to

sequetc\ 'I hecreb Ire (fh is di gitl sign i l p rocresso Ir desi gn wOiiLId he harIder 16 )Ii. p ite!al tie r to tise. Anot01her

dIisd\arI1Ige IN 111.11 C.ClI lock oif' Wajlsh Ijinctuors is tied too ;I pamtcul. baulc freqkency. Also, if dhe

N~ rthesiuer rs riot used wI gcilerrte general piiipIse %a\ e'111ir, li.ht JUSt to generate aI simall numiber of sine

wiIWS. then [lir' \ ISIh desj'in Is nefCIk eit.I Ial .Aind most', 11rriportarit. d]thohgh tie Walsh1 Wunction1

S IIrIthSiCUer (,iil 1 d \&th Lwight1ing without resllrirr to riiul1tiplieatiori. it cannoi (asfir as I car tell) esort to anN

trick to do th' liipl ititle ent clirpe Iiriltiplicatiml. Stmiridu riltiplrc~iiii techniqluesinns! be used here.

6.3 A rDcsign Blased oni FMI and Sine Sumitmation S\ ntlicsis

I lie dfiiilmsgital p~rwossirr conistruicted for (fti prrijL'ct \ iN IsIfk (i11 IC,i prIpriseil 11. SItel1 ;51*And

Wiri II6j. I lie datai blo\% imti ire shown it it~e "I og Syniibcr" 1,111111c". 111 l 111rrrmleils bound11ed rIII each

"idle by air asteisk ire the wonirl prmints. I lie irrirricii .1"Libeling the. slashed i1i1k. iiditilL'itt' 111h ofil (fall

paiths. IMe hca dark ire-, represent Ipeltine register. [ihe 111a.innillo i Intorll lii dVLi arnd. 'is L-Il

he seen., fulk llip4.'liit~d. It IN pr irls rfirie tIN~In w~ ~il' inkIiitlimi N, uitheiN rt;ng log) tabhle lrorip to

perlini he reriil rtliL ItirIr Al nilorrr re(Css I11iii i5 11114.1 i' tIurtIlei.r irtr peririts

tiil meimoryv fircigris tw he wmc 1111isen mr~lrisie rei1d *irrkl 1t' ws,I ) 111 1ir ws t'prsirttf] liN pairsrIf
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boxes betm CCI pipeline registers. The feedback path allows the machine to do real time FM s~ nthesis30J.

Other siilair methods of synthesis call be implemented by using the tables to lookup other functions.

The data flow of die machine is quice simple. Ignoring the FM input for thle Present, we see that thc

"Phase Update" figure simply pcrfornns the assignment operation A= A + It wAhere A is the Phase Memory

and It is thie Phase Increment Memory. T'his loop1 updates thle phase in format ion for each voice. T he quantity

Stor ed in the Phase Memory is vicwed ats bcing a two's complement number in thc sine and FMN algoi ithmns.

I he Pha&,e Memory contents are given as an argumen1C~t to thle log(Sin( x)) look up) fitnctionl (treatment011 of

* ug~t~ enumbei-s %kill he discussed latter). The resuilt of this lookup is added to the logs of the Fn~elope and

(ioct'licient quantities and the antilog of the result is taken. Since addition in thle log domain is eqimalent to

* muiltiplication in the non-log domain, the antilog operation produces the product of the Inmelope lei-ill the

(inefficient term and thle sine term. TIhese can be summned in the digital mixer or added to the Phase Meinorv

quauntitN \ia thle feedback loop. If the latter option is chosen, then FM synthesis can be performed. F-inally.

thle accumulated results canl be clocked out through a I)AC.

NMultiplexed into 32 oscillators, the present implementation can synthesi/e the functions shown as- 11

and Ill in the "'Synthesis F~unctions Used in Music" figure. It could potentially synthesi/e functions IV anld V.

(:,,mg the 256 oscillator version, one could increase thie tipper index onl the sumns by a factor of 8. In) the table,

:mi. hi, and ci repiresent weighting coefficients. Ai. Iii and (1 arc the amplitude en\ elopc multipliers. Note that

tlme\. unlike the frequency tcrms. do not hiave at time term associated wvith themr. Thiis is hecause the

'1iuiplitiide envelope is updated by the controlling processor, not the synthesizer.

Anl alternatis e to havinug the processor update every sample in thle enselope waseformi is to miodel the

enselope as being a piecewise linear function. [hlen thle processor could Simply givre thle s~ nthcsi/er "rate"

and 'Immg information which is fed to an interpolation algorithmn in hardware. Although this method is

cleairly superior, it was not implemented ini the prototype due to space considerations.

[he present design has a 5W( ns pipeline clock and implements 32 oscillators. I Ii i produces at

s.inmpling speed of 6? K hi. IThe speed of the table Ii i ni norN causes the pipeline bottleneck. When
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parts. (Mostek MK4802(I1) 2K x 8 Static Rams with 55ns access time) become m~ailable, the table lookup

memory can be replaced and the number of oscillators call be expanded to 256. TIhis would produce a

sampling speed of 39 Khz with a pipeline clock of 100 ns.

6.4 M1,ltiplying Using Log Arithmetic

The most unusual part of the synthesizer algorithm is its method of multiplication.

Multiplication iimotninsound sytess Algorithms described in the sound synthesis literature

invsoke a %ariety of complex operations: functional composition, convolution, weighting. etc., but inl actual

imiplementations, all practical real time digital sound synthesis systems in~estigated Could not perform their

sound synthesis algorithms without a multiplication operation ( Unless die synthesis was done totally with

table look upf29!). [his multiplication has been done in the analog dornainl271, with digital mnulipliersf351. or

by interpolating table lookuip[261. (And it can be done with somne Functional tim itations using the

'coliipleent/nit comnplent'ni operation in the Walsh domain as explained above.)

There are it number of wa~ s that multiplication could be performed in this design. One method uses

simple table lookup. T[he sine table could output a 6 bit wide sign magnitude representalilln of the sini(x)

fitc t ioni the contro ll ing procxessoir lim it the amplitumde en ~eh pe to at total of 6 bits and the digital signal

iprocessilr could use the combined 12 bits to adiress a mu Lltiplication table. The sign hits would be xored to

supply the 13t1h bit to the table. The mutiplication table would also make the sign magnitude to tko's

complcem ent c )i'mersiori. (Note that the prt~essolr would not have two amiplitutde envelopes with this

meithod.) I tic oultut Would lave a total of 14 bits and have an associated nloise c(lnal to that of the sine table,

% hiLhi is 4-4 dB 1121. 1 hec-rce ,in method that we pilpose should ha'~e a signwl to noise ratio of less than 44

(fit inl order to outperform this ftictliod. Buit wait. is this reilly an intellegent approalch? Ignoring thle twol

amlplitude enselipc cluestion, we see that the amtplituide ratio of the largest gciiciatable si~til to the smallest

gencratahle signali (i.e. the d~ natic range) is 64. i k is insific(icent for our needs. TIwo things desired ouf thie

ss tttlicsu/r are luum noise iind ai tl.,,ojISti ~ juiitige blit Ae ire % illing ii ilke tradeotis between thie



-063 -

two.

T[he compromise used here is fixed point log arithmnetic. It does not pie ats ho~ it noise ' altic as some

melthodS, but it does give a higher pipeline speed than any other mlethod along A ith a reasonable dynamic

range. lin practie, tie logarithms of tie absolute VaIlue Of thle mutilplier and multiplicand are added together

anld the result es poncntiatcd. [he parity of tie result iS thle Sign of the Sin uc mul1tiplier. T he inultiplicand is

thle s50l1 of (lic coefficient and envelope logs. Bo0th thle coefficien t and enseh pe are assumed to take onl only

nfl n- Ilegalkve Valutes.

Tlhe log(sinl(f)) table contains thc first 180) degrees of' thle log(siii(x )) I [lie ltpI 1 hits (not

including the sign11 bit) Of thle Phase Memory are used to address the table. It is not nece,,sary to take tie two's

conPiltent Of anly negatiVe number before it is inlput to the table because ,iin(-x ) -sin( 1 80-x). Note that

C\ Ci storing at halt'cycle of' tie sine wa~e does not make optiniadl Use of' table space sinlce all die in formation

ahouit a sine wase is contained in the first 90 degrees of its cycle, along \0i the know~ledge that sini(x)

sin( 18X0-x) and sin(-x) =-sin(x).

I 'lie procedure for filling the sine and antilog tables ref'ect thle comlpr'omlises presioLIsly discussed. Tlo

fVi.-uite describing these coinpromises. the actuial %,aluies chosen for tlie table length and width will lie stated.

F lie log(sill(x ) table is 2K deep and 12 bits wide. I'ht antilog table is 10 bits m ide and 8K deep. Ai ich mneans

that it has 13 address bits. One bit is used for the parity conversion.

Thle hardware tises two's c. implement arithi~metic, so tlie parity conversion sectioni of' the algorithin

after tlie antilog requires anl operation equisalent to at full add. 'he synithesi/er has no special purpose

limrdsare fo(r this. It comniiies the parity and log operations iii the same antilog tLible. T[he signl oft tile ,tine

argutment is tised to s\%itch front lone table half to another when using thle s~ nthesi/er for ,tine suimiation or

IM viihesis.

I lie One Itl tAken fho 11w pammy opeialonilae I bits of'.ii1 ,11ciit to) the .mitilog t.llble. If tle range

'il thek lole(sili(x)) tale fills P? hl"is thenm tile hog(smiif)) \AI%'e SAeepslie C1111111g5 (10111-1mi1 cacti CWl. lie

outplit Of tile .iuutulor hg tabl tinidis a -,ine wAie that li.nus , 10 hutiiiu 11XI111111 unu1plutuidc. If' am (Iuantlity is
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lidded to fihe log( sin(x )) %kai C, thle in put to thle anI t Ilog thble oi~e fliows. 'aac tie I, igsin~x ) At cjds s'cps the

entire domnain oif the antilog lrahie. If the log(Sin)( X) table Output were to sw eep os ci 11 hits. it w ould not

oi ei tlow the antilog tahle so long ats the log-ammplitude %,ile added to it was less thin (or equal to 4096. IFor a

log-amplide %alue oif 0 the ,tile %avc would ha~e its utinimuin peak to peak output ss~ing and for a

h ig-inpittude %adue (it' 4090. it would ha~ e irs maximumi amplitude swing. From this wse see that thc

amplitudc range omer %&hieli thle sine wav'e can %.rt is dependent oin its iuii~m '%alue in thle log domiain.

I et uscall this ~alue -Maxi og-. Ihcnl the relationship hetwell Maxik og, thie s' iithi,er's d~iiei range and

thle tables' lengths and widths are of interest. lihey w~ill he show n by the eqii;itious described in the next

section.

6.5 FIllI Ing the Tables

If we call the maximumn peak to peak amplitude that the sine wave assumes -MiaxMag-. and the

nmmuni peak to peak amplitude that the sine \Al' ave ssumes - MinMag-. then it follows that the sine wave's

ds nanie range -Range- is described by

Range MaxMag/MinMag

Let's define - MaxA - ats thle max iimum value that at qianti\ can ach ic in the log domint. Using the

quaintities dehfned thus far, we canl define a scaling ratio that reles the lanlge of values obtaiinable inl thle log

domain toii the range of va Ilues obtai nable in the anti bf-g di im n. I et s call this valInc -1 Scale-, then

I Scaile - (MaxA - Max I og)IIog(Rangc)

The quantities definled thus far determine the xalues, of the entries to he assigned iii the antilog table.

It ruins oilt that

i h antilog entry -- MinMag*expl (i - MAxI og)/l Scaile I

We see that the ex tremne puntls produced hy this equlion give A~hat is ciopc ted. When i assumes the

saliiec Maxi og. the exponenit equals 1, and so NfinIMagi is output. Wlicti i aissmms (lie salne Max N, thle

numnerator of' I So.le dis ies mil, mid (lie qiimitii 1loi!( Rainge ) is cxjS iieiititcd. Ibi Illilim es the salluc
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MRJ Vge 11,Ll~I ltiplied by MIin Mag to produce the aiIluc MaxNMig.

I t,e define (be quantity

E:psilon -I /expl Max! Aog/lScaIC

and

Norm =3. 14159/Maximumn log(sini(x)) argument

then it turns out (bat

th di o('in~x)) entry I Scale*logj sin( Nonn*i)/FpsilonJ

Norm is OhN iouslV at normnalization constant that mnaps the logtable argumentCIs in to the range

10,3.14 1 S91. [psiloni is another log domain normialization constant. We see that die boundary conditions arc

Nit iied. I1' i takes onl tie aILue of the argument that maximizes tbe log(si n( x)) function, then sinl(Norm*i) is

1. Fpsih m is then in'erted. which Nields expi Maxilog/I.Scale I and its log is taken, which gives

%1,\1 e/ Scale. \Iaxilog/I Scale is Multiplied by I.Scale, which iclds MlaxI og. thie other boundary

conidition is where sine takes on its minimium salue, "hich is zero. We are (ben obligated to take (be log of

zero. %Nhichi bring,, us to our next section.

0.6 Thui I .og ol' ero or: You Can't Get 11bere from Here

I[he Fpsilon term in (be above equations guarantee (bat most log(sin(x)) table entries will be greater

than /ero. B~ut there are several entries near (be zero crossing point that are not (About 52 entries at each edge

(ii ! K t,mille with a Max I og of 1023 and at Range of'2048). It was thoiught that these entries could simply be

sect to zero, but thie resulting waseform's zero crossings were visibly distorted at all amplitudes, so the problem

had to bie cotrected. To do this, first (be log(sim(x )) entries at the tables edges were filled %with their two's

tonilfleftncit nepme \a.dues calculated from the pres iously discussed equations. The log Of zero wais Set to

the imaxinumn negitis e number representable in die table. (All nunmbers \&ere sign extended.) Next, amn

cv hriSc eor gate %ws wired to the sign bit of the log(sin(x )) table outp)Ut, and to the carry output of the adder

1wrliirmig the final log domain addition. [he exc]lusise or Oultput \Nas connected to the "clear'' input of the
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pipeline register f'ollowing the antlog utle. This isLf oto nu i)d 8 nde'o ~icie

Amplitude Modulation Section" figure.

The logic of this is clear. If there is no Carry and the si gn bit is zero, then this is at noinal operation

afid the register should not be cleared. If there is a carry and the sign bit is zero, theni there has been a positive

tixerfloA It is assumed that the processor will not Ict this Occur (unless it Wishcs to Clip thle signal). Itf there is

no carry and thle sign bit is onle, then at Positive nutubher (the log-ampi it tde) Aas added to I negati e numnber

the Iog( sini( .)) x iltc) of greater absolute %aluc and produced at negatise result, so the register is cleared.

lkiwilly if' there %was at carry mnd the sign bit is 1, then at positive nu1.mber was added to at negajti\ e number of

lesser absolute aloe and produced at positis C result, so the register is not cleared.

As thie sy stein is shown. there is no way to completely shult at wice OT. [hle reason is that Mhen dic

oclillator is shut oft, therec is no control over what Aloe is left in time Phase Memiory. so some constant adloe is

always being pro~duiced w henes er that oscillator oie is processed by thle lO1g(sin(x )) table. [he Voice call be

multiplied by a s11iu1 lliplitulde, but niever by) af zero one, T'his mecans that the constant off'set is always passed

th r(ough. ie end etec t is tlut thle re Coumld he inany constaiilt VsalI ieo ffs-ctI a t1imig through tile systemi, each

theC result Of ansi Ilator1[0 stuck in some non-zero phase. 'Ill,- waty this problemn was solv ed was to use a special

code in the Fivelope Mecinor\ to decsignate "0"'. When thle svnthesime sees that Code, it Clears the antilog

omuittt pipeline regi ter *8* control for that voice.

6.7 1 low Not to Update Memory

AS mentiil e insl, ll miemory is iiterleas~cd. IThis [lot only licreawes thle pipeline speed. it

also perMIMitd dm solutionl to a Serious design flaw, in thie piototyrpe. Ilo mindci,',mii the flaw, one must kniow

th'i thie svithosimer accesses o)scillajtors seqitenti;illy. that is, ini tile ',file sumation litei algorithml, it first

cccsscs thie ,crotl wice, thenl thle Ill-St. then tlIe second .nid so on. Ilt thle initial designf. thle Coefficient,

Inselope. ,mid PIsel~ Iiitrritent ieiories are iipd(Lited by the fillow mig leit 2inll. Whenci they recies e an

liid lite wilh ifi mld it untlil the lisiltionl it is (Ilestmcd finl is itcA,(' sl b Ime sy itlmsis iloiiitm iiid thien
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the. , rite it in. I'he problem with iis method is that tile wait time for a SM/gh' rIoCc codl be as long as 32

clock cycles. If ie controlling processor does not wait 32 clock cycles before sending another aloe, it stands

the chance of merwriting data it had previously sent. When the controlling processor was updating all 32

voices one after another, it %%otlld take 32x32 = 1024 synthesizer clock cycles to update all the registers. This

limits the sampling rate to 2 Nh//1024 = 2 Khz in the prototype for a waveform where all voices are used

and ai giarantee of no u,,erwrites is required. This problem is bad in the prototype. but it would be

cat.istqmphic in a 256 voice sy nthesizer. If a synthesizer of this design had to update 256 Noices with a 100 Is

pipeline clock and required no overwrites, then it would be bandlimitcd to enielopes with at frequency

content of no greater than (0 MhI/ (256*256) )/2 = 75 hm.

I lowever, in this design, all memory is interleated. This allows on1e to construct hardware that makes

the controlling processor wait a maxilium of two cycles before updating nienmory. This is better than using a

Imemory access algorlhin that needs time proportional to the square of tile memory length in order to update

it.

6.8 Interpolating Table Lookup

Both the sine and antilog tables could have used interpolation to cut down on their lookup memory

table sizes. I lowever. interpolation requires both a multiplication and an addition to perform. 'lle following

argument demonstrates how much nemory is saved using linear interpolation to lookup the value of a

piecewise continuous function.

Inteipolation is usually accomplished in hardware by using i multiplier, an adder and a slope or

deri%,itive table to calculate Interpolated Value = ookup Value + Fraction * Slope.

I lie question arises, how much memory is saved by using interpolation in the table lookup of any

giel pieces ise linear function'? 'Ihis i; rather easily calculated. Since all giien function inight swing full

sale, the ilost significant bii of the slope table ist lie the same w'eighl ;is tihe niost significanlt bit of the

lookup tahlhe. Alm, since we presuillahly wanlt to preserse plecisioll, the JIk liol aind hence tihe Slope values



Must bc of tfc samc lcngthi is tfie L ookup Value.

L ong T[erm Power Spectrumi studies using arbitrarily large piecisionl)8] ha'. indicated that if one

uses the initerpolat in m1etho( d %it h each table hia ing 2 * *n entries, I tell it wil I tkec a table of 2* * 21 locations

wit h a normal table looi~kutp to get ats goo d a signal. I igcthe r withI the hit sigiiic e a rgnumenit, w~h ich shows

that w~e need t w tableCs of the samec length in oide r to in terpoldate, ii tcrpola lion se insto save space by a

factor it 2s**fn-I) (if piece.wise linearity can be assumed). 'lhis reslt .\kias reported b\ 13-21 for sine functions

but inot for p iee'.' ineIiua r fiunetions.

I lov.c'.ei'. to do inte~rpolaition,. it is necessary to perform a nmitilp and the author knows of' no

imiltilhier of' 12 bit (or greaer) prcisionl thalt Canl (p)idCtieallN ) operate( inl Uinder I SOns.

6.9 T11w CUr-se 4f Fixed Point

F secd poitit limits the algoithim in two c ruc ial A.~ays. I lie firs is inl the anltillog taNloo k up

operation. For mans anilog table aigumnents, 101 hits of argument are compressed iinto 4 bits of result. (Ibis

polits out tlte interesting fact thatt log, table looktip canl do at truncation onl imultiplication.) [be sine wave is

vet!, distorted for simall saltis, which is to he expected. 'The way to get arou nd this would he to use flo ati ng

polit. Floating point giNS onle fixed signal to noise ratio across the entire dynamiic range of the output. For a

fixed word sue, floatinig poiint dtoes riot gise as good a signal to noise, ratio for high amiplitude ouitput %aliues ats

does fixed pornt, lint it dtoes produice a mu1LCIhbeter signal atl low arrtpltudes. howAe\ver, if the antiulog

operation lookcd tip) a \ialiic to he l'ed to a floating point1 I AC , thre digital tiixinp would he more comirplex and

there could he no fIbillback path froim the mrixer ito the FNI recgister.

'hc Second plaIce vAhiere fixed point liiiits thie maichine's opeiatot is :In theI pefirnttoc (i tINh

si, ith1esis *ili1,orithrir. [lie uimchitte rmutst choose hctv~ceu Itsing at wide range ofr sligll. mi rg mrodiulation

Ind~i(csiif' ,imIrll iin11e oif grcoa tl N arirg ind~iccs. IlhistIsdue1 in patl to (lie tiu1c'ittimi iYt xiriu-g inl thii 1tilig

table looikup,



0.10 Con(Ius)iolS

The dcsign is adequa.te, but it has seweral disadvantages.

I'lle fIstI a nd mo st important is that it is at harid warc implemn itat ion of' a specc hc a ipri thin as

p r~sedto ein a encia!si nal processor. I Ii is is drama tical illk ii t s alc thfatha(ie1isynl ss

illcrocilde can only produce a qurter the1 numb111er ot sineliC n1111ition tcrIis (8 Necrsus 32). OInc %otld ini(.illy

C pCC tI (hat til Ii 110 ci nbcrof'S.Vintlhesi/abl IcU ternms v (in d eq ual I ha tihe n utmber of sine sinn i ation icri us

Si n'C Ii u1seS twice ats manyl Si ne term11s as docS SineC so in i nation. TIhe p roccssor I is thle ii icilv ni~Ca pac ity to

s n tlhcsi i nore I N1 terms, it just has no fiast data paths leaiding to that i ncmor . (As norec mmioriy is

multiplexed iii. this raio Will alproach 1/3.)

[he second mo1(st importanlt problem is that updating die p rocesso r amipl itu de enselo pe "byw hiand'"

hinwit tlic nimber of' prodUCeAble sound1(s. anby sounds reqoire that the cnv elope in formation be updated

just, 1as fast as tile fi-cquencN intfOrmiation. 'Ihis is clearly an impossible task in the present design for at

cuiiis unl genleral1 purpoise processor if the number of en velipes is 250. "'Rate and limit" hardware is a

ncccLSSa1r, if' CXI)cnSi c, addition toi the svnthesi/er if' such high bandwidth eniveloipes are dcsired. Another

s liutiolii to (Ilis p ro blent \Non d be to place these hiigh f-eq ucnc y hia rim nics in to the phase registers. lBut thien

thle eiiselope! \iiuld be harder to model.

Hic present designi also has at large table looku~p memiory ciist assoiciated with it. H owever, this is

mo re of 1 feCat ii i thal a proiblein ilhe anion lt of' table loo1ku meImic iory can bile drainaticol ly reduiced if'one

wihes to iinly use one set of tiptilni/ied loi'iup functions.

It k~ouild hawe been nicer ifthe frcqmeclc word lengthl had beenl four b)its A~ider for- sonic applicatlions.

Ilhe use of1 log '11ilithitic Was successful1 In this applicaion. It liridulces at processor that[ can

pqcniitill iltipcilfOrii miY oilier ini its liiice class in temns of speced.
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Pulse-Duration Modulation
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Intervals Between the Members of the Diatonic Collection

Forming the Major Scale

fka(ldiIs of the

,vnitone distance 01011 2 3 O5 b 8 01 1

M2 m2 1 2 3 4 5 6 7 1' 2' 34' 5' 6'7'
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Part of J. S. Bach's Two Part Invention No. 8

IF Fundamental Descending Line

V 7 65 4 3 2 1

ITriadic Insertion

1 '6 5 4 3 2 1

R Triadic Repetition

1 1 11'7 65 5 43 32 1

N Neighbor Insertion

1 1 11'76 5 654 34 32 1

1 T iadic Insertion

1 3 1 51 17 6 565 4 34 32 1

F

1 3 1 5 1 1V765 65 43 4 32 1



Major I

Fundamental

S--> @E DCI@GFE DCI @CB1AGFE DC Descending
Line

C-- C Cl Triadic

E-- E E 3 Repetition

G-- G GI5

C'C' -- ) C'D'C' C' B C' D ->2 Neighbor

EE-- E DE E EFE F-- 4 Insertion

G G- G A GIGFG A-- 6
B-- 7

U V ->U 1' V ( 1,3,4,5,6,3',4',5',6',l" )C V Triadic
( @,v) C u Insertion

w x -- W3' x ( 3,5,6,7,1',5',6',7',l",3" IC X
( @ xI C w

y Z ->y 5' Z (5,7,1',2',3',7',1",2",3",5" )C Z
@z) C y



Major I
(Continued)

C E --> C D E
C J--> C D K
D F --> D E F
D K --> D E L
E G --> E F G Ascension
E L -- E F M'
F A--) F G A
F M'--> F G N'
G B --> G A B
G N'--> G A P'
A C'--> A B C' 14 5 6 7 1' }C J
A P'--> A B R' {5 6 7 1'2' CG K
B D'--> B C' D' ( 6 7 1'2'3' }C L
B R'--> B C' J' {7 1'2'3'4' CE M'

1'2'3'4'5' lC N'
(2'3'4'5'6' 1 C P'

B' G'--> B' A' G' (3'4'5'6'7' } C R'
B' M'--> B' A' L {4'5'6'7'1"}C J'
A' F'--> A' G' F'
A' L--> A' G' K
G' E'--> G' F' E'
G' K --> G' F J Descension
F' D'--> F' E' D'
F' J -- > F' E' R
E' C'--> E' D' C'
E' R--> E' D' P
D' B--> D' C' B
D' P-- D' C' N
C'A--> C'B A
C' N--> C' B M



Twinkle, Twinkle Little Star

F

forbidden- R* R*



Major Ila

Fundamental Descending Line

S-- @E D CI @G FEDCI @C'B3AGFEDC

C -- C Ii D-> 2 Triadic
E -- 3 El 3 F -- 4 Repetition
G-- 5 Gj5 B-- 7 A-- 6

Neighbor

o -- -~' 1-1Insertion

U v-- U "v Triadic
{1, 3,4,5,6,3', 4', 51,6'9,1 91 C v Insertion

( @9v) C U
W x--> w 3' x

(3,5,6,7,1',5',6',7',1",3" IC X

yvz--> y 5' Z
{ 5,7,1','3'7, ,2'9,3",5 C z

{ ,z IC v
2 >1 1 Ascension
3 > 1 2

4 1 3

51 4

7 > 1 1 5

.2 . 1 -1 Descension
-> A1-2

-4 -- .1 .3

-5.. -1 -4

1 . > - -1 -5



Multiple Grammars

A
Composition ) Mevent

Mevent > Mevent' Note Ij Note2

B __;

Ga Notel Note2 > CIrIoCIn I ) I V I A I C '

GI Nutel > c I E I G I B

G2 Note ) I F I A C '

X lifminals
D

Grammar 1 tll t12 s . . . . tiX
Grammar 2 t21 t22 m . . . . t2X

G Granmimars

GrammarG tG1 tG2 . tGX

E

Si S2 S3 SP P Segments. each of

sI = 5 s2 = 4 length s. containing

C E C G C C' A F D " C N totaliotes

C / \G2



Major Ilb

Fundamental Descending Line

S -- >@ ED C I@G F E D C1@08A GF ED C

C --> 1 ClIi Triadic
E -- > 3 E 3 Repetition
G -- > .5 G I5

D -- > 2 Neighbor
C' --> 1' D'C' 1 1' B C' F --> 4 Insertion
E -> 3D E 3 FE A -> 6
G --> 5 AGI 5 FG B --> 7

U v--> U V'v Triadic
(1,3,4,5,6,3,4',5',6',1" C V Insertion

( @, vI C U
w x--> W 3' X

{3,5,6,7, 1',5',6',7', 1"9,3" 9 C X
( @, x IC w

yvZ--> y 5' Z
{ 5,7,19, '9',91 t921,1% 1 C Z

@zI C y
A ~>1 1 K Ascension
K ~> 1 1 L

L I M

M I N

N ~>1 1 P

P --

o I- A - Descension
*K .- 1 1 *

*L .> I .1 -M

-M .. > 1 -1 *N

*N -11 -P

-P I 1 -



Cherubini

Alternate derivation shown in small font

F 3' 2'1

1 5 3' 2'1

R 5 5 3' 3'2'1'

N 5 65 3' 2'312'1

I x

5 565 1' 3' 52t 372'1'

xi1

R 5 65 1'9 3' 5 5 2t31 2f 1

1 51 5

1 5 65 1' 3' 1' 51' 5 2139 2911

A 5 6 5 6 7 1' 2'3' 1' 5 1' 5 2' 3' 2' 1'

D 5 6 5 6 7 1' 2' 3' 2' 1' 5 1 ' 7 6 5 2' 3' 2' 1'

5 6 5 6 7 1' 2' 3' 2' 1' 5 1' 7 6 5 2' 3' 2' 1'



More of

J. S. Bach's Two Part Invention #8 

S !

R R R R R? R R R

I N\ /!/ \ 'N IVN
1 3 1 5 1 1' 7 6 5 6 5 4 3 4 3 2 1 3 5 3 1' 5 3' 5' 4' 5' 3' 5' 4' 5'

R?

3 3 3

5 5 5 5 5 5



Intervals Between the Members of the Diatonic Collection
Forming the Minor Scale

Members ef the
twrndone distance 0 1 2 3 4 5 6 7 8 9 10 11 12 MAm r Co1etion-' I I i I I I I I I I I I i D~lncC le lo

M2 m2 1 2 3 4 5 6 7 1' 2'3' 4' 5'6' r

u4 1 1I ' !
1 i 1 1

- 3n 3 2 tLQ 1 I I

2 ~ -- 1 75I ' 1

.. ..I t . t tj I
M2p7 4 2 105

--.. ..3 1 7 r

m6 3 2 i i

M6 4 1 - . I (

P8 5 2 12 1 , , ,!



*1

Minor Additions

Neighbor Exception

1> 1 1'7 1'

Ascending Exception

I< 5 1' -- 5 56#7#1'

5 7 -> 56#7

Descending Exception

7#5 -- 7#6#5

I



Bach's Bouree

Fundamental Line

1' 76543 2 1

Repetition

1' 1' 1' 1'7654 3 3 3 2 1

Neighbor Insertion

1' 1'7#1' 2' 1' 7 6 5 4 3 2 3 3 21

Triadic Insertion

1' 3' 1'7#1'2' 5 1' 7 6 5 4 3 2 3 5 3 21

Ascension

1' 2'3' 1'7# 1' 2' 56#7#1' 7 6 5 4 3 2 3 4 5 3 2 1

Descension

1' 2' 3' 2' 1'7# 1' 2' 5 6# 7# ' 7 6 5 4 3 2 3 4 5 4 3 2 1

.1I



A Music Synthesizer System Architectures

Keyboard P esr Synthesizer Out

Processor Synthesizer Ot

Processor



Ready"

Frequency

Select I16 voice
multiplexed

12 Floating - 16 x 18 output

; to 18 BIT 18 BRM ->
8ve Select Fixed RAM -

- 3" Converter

fF

Select 4 w rite 4
4controller I-  - bi

counter carry out
Sclock input

Inexpensive Synthesizer
Frequency Generation Section



16 voice___

multiplexedIinput Multiplexed
divide by n

counter

Amplitude
Memory

1 2 L~* * <- AND gates

Register

Inexpensive Synthesize r-Square Wave Amplitude Modulation Section



16 voice
multiplexed

input Multiplexed 256 x 8
divide by n 8 Waveform

counter Memory

8

Memory

N V

Adder

Register

Output Register

and DAC

Inexpensive Synthesizer-Rom Amplitude Modulation Section



An Eight Voice VLSI Frequency Synthesizer

Multiplexed Output
DATA DATA
BIT WORD
RDY RDY

voice

register

controller

23 x I

Serial

Register 20 bit

voice wide

register -down

(20 x8) - ~ counters

(8)

/ i L

DATA /KK

input multiplexers reload multiplexers
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["t
1 K Two

bytes Serial
RAM - Ports

Contains: 4 K

Monitor, bytes 32 bit
Loader, Prom Timer
Scanner-
Controller

Z-80A K. Six
8 bit

CPU -- - Parallel
Ports

3 for the Synthesizer
1 for the Keyboard
2 for Development

Inexpensive Synthesizer
Control Board



The Keyscan Algorithm

A fI~ M yj I J IYF 1 0 1 C' IG~
C E G C'Oscillator Note List (ONL)

B Y Q ~YY Jy I E 1of 1C
C E G C'

"free register"

pointer

C E G B C'

$ "free register"
apparent key depression pointer

due to noise

0 YYI YYY IY IECO IUG
C E G C9



The First Eight Walsh Functions

wat (Oj) [
wal (1,I)

wal (2,t) .

w al (3 ,t) L .-. ....... ... ....

wal (4,t)

wal (6,t) .

wal (7,t) - J fJ



Synthesis Functions Used in Music

Walsh Synthesis

16

Ea. w Wal (bi,t)

II Sine Summation Synthesis

III FM Synthesis

Ai a ai a sin[ (wi)(t) + (Bi)(bi)sin( NOW(t )

IV

Ai a ai a sin[ (wi)(t) + (Bi)(bi)sin( (vi)(t) ) + (Ci)(ci)sin( (ui)(t) )J

V

Ai al w sin[ (wi)(t) + (Bi)(bi)sin{ (vi)(t) + (Ci)(ci)sin( (ui)(t) ) J



Multiplexed
Derivatives of

16 Arbitrary
Walsh

Walsh Function Select 1612Functions
(0 = < Walsh Index =< I + *2-12) 12 BIT 12 BRM ----------

Register

counter cary out

Frequency Select

Walsh Function Synthesizer
Walsh Waveform Generation Section

'Wo



Multiplexed
Walsh Function Derivative

integrator

16 "T" Flip Flops

Coefficient
Memory --- ,--

Two's Complementer
Control Input

\4 /

Adder

Register

SOutput Register, DAC and Envelope Multiplier

Walsh Function Synthesizer
Coefficient Weighting and Amplitude Modulation Section



Log Synthesizer-Phase Update Section

To Phase Increment Memory

20

Phase
Phase Increment Memory ma mb

(20 bits wide)

+el
clock/elmeJ 20

clock/hold 2* ° I

FM Hold
Register FM input

+ 20

20

Phase Memory mc 6 md
(20 bits wide) c wit. d rd

~/Coc -0-



Log Synthesizer To Coefficient and Envelope Memories
Amplitude Modulation
Section 12 12

Phase
(top 11 bits minus sign) me mf mg mh

select clock/holdx))

+ V,

ToFM (6 bits

24
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